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SUHVHQWHG&RPSDUHGZLWK WKH WUDGLWLRQDOHOHFWURPDJQHWLF UHOD\DQGVROLGVWDWH UHOD\
0(06PLFUR SRZHU UHOD\ LV LQWURGXFHG$IWHU LQWURGXFLQJ WKH DGYDQWDJH DQG RWKHU
SHRSOH¶V UHVHDUFK DERXW WKH0(06 UHOD\ VRPH GHVLJQ DQG VLPXODWLRQ DERXW D QHZ
SURWRW\SHPLFURSRZHUUHOD\DUHGRQH%DVHGRQWKHGHVLJQ89/,*$LVXVHGDVWKH
IDEULFDWLRQ PHWKRG 7KH ERWWRP SDUW DQG WRS SDUW RI WKH PLFUR SRZHU UHOD\ DUH





DV DXWRPDWLF WHVW HTXLSPHQW DXWRPRWLYH LQGXVWULDO FRQWURO VHFXULW\ DQG
WHOHFRPPXQLFDWLRQ 7KUHH NLQGV RI UHOD\V DUH XVHG WUDGLWLRQDO HOHFWURPHFKDQLFDO
UHOD\VVROLGVWDWHUHOD\VDQG0(06UHOD\V
7UDGLWLRQDOHOHFWURPHFKDQLFDOUHOD\VDUHZLGHO\XVHGLQYDULRXVPDFKLQHVDQG
SURFHVVHV FRQWURO DSSOLFDWLRQV 7UDGLWLRQDO HOHFWURPHFKDQLFDO UHOD\V EHKDYH PXFK
PRUHOLNHDQLGHDOVZLWFKZKLFKRIIHUDYHU\ORZDQGVWDEOHRQUHVLVWDQFHDYHU\ORZ
RIIOHDNDJHDQGDELJRXWSXWFDSDFLWDQFH%XWWKH\DUHODUJHQRLV\VORZGLIILFXOWWR
LQWHJUDWHZLWK RWKHU FRPSRQHQWV RI D V\VWHP H[SHQVLYH WRPDQXIDFWXUH  7KH\ DOVR
WHQGWRUHTXLUHODUJHGULYLQJSRZHU
6ROLGVWDWH UHOD\VZHUH ILUVW LQWURGXFHG LQ WKH ¶V DQGZLGHO\ DFFHSWHG LQ
WKH PDUNHW SODFH 6ROLGVWDWH UHOD\V DUH ZLGHO\ XVHG LQ WHOHFRPPXQLFDWLRQ DQG
VHFXULW\VXFKDVPLFURZDYHDQGPLOOLPHWHUZDYHLQWHJUDWHGFLUFXLWVIRUVLJQDOURXWLQJ
LPSHGDQFH PDWFKLQJ QHWZRUNV DQG DGMXVWDEOH JDLQ DPSOLILHUV 7KH DGYDQWDJHV RI
VROLGVWDWH UHOD\V LQFOXGH KLJK UHOLDELOLW\ HDV\ WR LQWHJUDWH ZLWK RWKHU HOHFWULFDO
FRPSRQHQWV ORZ QRLVH KDYH ORQJ OLIHWLPH IDVW UHVSRQG VPDOO VL]H ORZFRVW EDWFK
PDQXIDFWXULQJDQGVPDOO GULYLQJSRZHU7KHLUPDLQGLVDGYDQWDJHVDUHUHODWLYHO\KLJK
RQUHVLVWDQFH ORZ RIIUHVLVWDQFH KLJK SRZHU FRQVXPSWLRQ DQG SRRU HOHFWULFDO
LVRODWLRQ W\SLFDOO\ QR EHWWHU WKDQ  G% 7KH\ DOVR VXIIHU IURP VWUD\ FDSDFLWDQFH
'HVLJQWUDGHRIIVIRUUHGXFLQJ WKHRQUHVLVWDQFHRIVROLGVWDWHUHOD\VWHQGWRLQFUHDVH
RXWSXW FDSDFLWDQFH ZKLFK LQWURGXFHV DGGLWLRQDO SUREOHPV LQ KLJK IUHTXHQF\




,Q UHFHQW \HDUV WKH IDVW GHYHORSPHQW RI PLFUR HOHFWUR PHFKDQLFDO V\VWHPV
0(06WHFKQRORJLHVKDYHOHDGWRSURGXFWLRQRIPDQ\GLIIHUHQWW\SHVRI0(06UHOD\V
0(06UHOD\VDUHNLQGVRIUHOD\VEHWZHHQWUDGLWLRQDOHOHFWURPDJQHWLFUHOD\VDQGVROLG
VWDWH UHOD\V 0(06 UHOD\V DUH GHVLJQHG WR RYHUFRPH WKH VKRUWFRPLQJV RI ERWK WKH
WUDGLWLRQDO HOHFWURPDJQHWLF UHOD\V DQG WKH VROLGVWDWH UHOD\VZKLOHNHHSLQJ WKHLUPHULWV
&RPSDUHG ZLWK WUDGLWLRQDO HOHFWURPDJQHWLF UHOD\V 0(06 UHOD\V KDYH VPDOOHU VL]H
KLJKHU UHOLDELOLW\ HDVLHU WR LQWHJUDWH ZLWK RWKHU HOHFWULFDO FRPSRQHQWV ORZHU QRLVH
ORQJHU OLIHWLPH IDVWHU UHVSRQVH ORZFRVW EDWFK PDQXIDFWXULQJ DQG OHVV GULYH SRZHU
DQG HDVLHU LQWHJUDWLRQ RI PXOWLSOH UHOD\V RQ WKH VDPH VXEVWUDWH RU LQVLGH WKH VDPH
SDFNDJH)XUWKHUPRUHE\XVLQJ0(06WHFKQRORJ\WKHVL]HFRVWDQGVZLWFKLQJWLPHRI
PHFKDQLFDO UHOD\V DUH JUHDWO\ LPSURYHG DQG WKH\ FDQ DOVR EH FRPELQHG ZLWK RWKHU
HOHFWURQLFFRPSRQHQWV,QFRPSDULVRQZLWKVROLGVWDWHUHOD\V0(06UHOD\VHVSHFLDOO\
WKHPHWDOVWUXFWXUHVPLFURUHOD\VKDYHORZHUDQGPRUHVWDEOHRQUHVLVWDQFH ORZHURII
OHDNDJH JRRG LVRODWLRQ DQG D VPDOOHU RXWSXW FDSDFLWDQFH 0(06 UHOD\V DOORZ PDQ\
RSHUDWLRQSULQFLSOHVVXFKDVHOHFWURPDJQHWLFHOHFWURVWDWLFWKHUPDORUSLH]RHOHFWULFHWF
0LFUR(OHFWURPHFKDQLFDO6\VWHPV0(06ZHUHILUVWGHYHORSHGDW WKHHQGRI
¶V DQG EHJDQ WR FRPPHUFLDOL]H LQ WKH ¶V 0(06 WHFKQRORJLHV KDYH EHHQ
GHYHORSLQJ YHU\ IDVW DQG KDYH RSHQHG XS PDQ\ QHZ RSSRUWXQLWLHV WR LQGXVWULDO
WHOHFRPPXQLFDWLRQ ELRPHGLFDO DQGPLOLWDU\ DSSOLFDWLRQV$SSOLFDWLRQRI0(06RQ
UHOD\ GHVLJQV DQG IDEULFDWLRQV KDV OHDG WR YDULRXV W\SHV RIPLFURUHOD\VZKLFK KDYH
DGYDQWDJHVRIERWKWKHWUDGLWLRQDOUHOD\VDQGVROLGVWDWHUHOD\$W\SLFDO0(06GHYLFH
LVDXQLWLQFOXGLQJERWKHOHFWURQLFDQGPHFKDQLFDOPLFURVWUXFWXUHV7KHW\SLFDOVL]HRI
D PLFURV\VWHP LV RQ WKH RUGHU RI KXQGUHGV RI PLFURQV 7KH 0(06 IDEULFDWLRQ
WHFKQRORJLHV DUH GHYHORSHG RQ WKH IRXQGDWLRQ RI WKH WHFKQRORJLHV GHYHORSHG E\ WKH
PLFURHOHFWURQLFV LQGXVWU\ LQ WKH SDVW GHFDGHV  7KH\ PD\ EH XVHG WR FUHDWH WLQ\
HOHFWURPHFKDQLFDO GHYLFHV RU V\VWHPV VXLWDEOH IRU PLFUR IDEULFDWLQJ ODUJH DUUD\V RI
0(06 VWUXFWXUHVRQ D VLQJOH VXEVWUDWH DQG LQWHJUDWLQJ RU K\EULGZLWKRWKHUGLJLW RU
DQDORJFLUFXLWV
%HFDXVH 0(06 LV DQ RIIVKRRW RI WKH WHFKQRORJ\ GHYHORSHG WR IDEULFDWH
LQWHJUDWHGFLUFXLWVRQVLOLFRQLWLQFOXGHVWHFKQLTXHVVXFKDVLRQLPSODQWDWLRQLVRWURSLF
DQGDQLVRWURSLFHWFKLQJDQRGLFERQGLQJQRQFRQWDFWOLWKRJUDSK\PDWHULDOGHSRVLWLRQ
HOHFWURSODWLQJ DQG ;UD\ UDGLDWLRQ ,QWHJUDWHG FLUFXLWV DUH GHVLJQHG WR H[SORLW WKH
HOHFWULFDOSURSHUWLHVRIVLOLFRQEXW0(06XWLOL]HVERWKWKHPHFKDQLFDODQGHOHFWULFDO
SURSHUWLHVRIPDWHULDOVRIVXFKDVVLOLFRQPHWDODOOR\VRUSRO\PHUV0(06GHYLFHV
KDYH DGYDQWDJHV RIPLQLDWXUL]DWLRQ UHOLDELOLW\ ORQJ OLIH VSDQ DQG ORZGULYH SRZHU
7KHPLQLDWXUL]DWLRQRIHOHFWURPHFKDQLFDOV\VWHPVKDVDOUHDG\KDGVLJQLILFDQWLPSDFWV
RQ YDULRXV DUHDV DQG WKH FRPPHUFLDOL]DWLRQ RI 0(06 KDYH DOUHDG\ VSUHDG WR DOO
FRUQHUVRI OLIH ,Q UHFHQW\HDUVPDQ\0(06FRPSDQLHVKDYHVWDUWHGXSDQGZRUNHG
RQUHVHDUFKDQGGHYHORSHG PDQ\0(06GHYLFHVIRUWHOHFRPPXQLFDWLRQELRPHGLFLQH
PLOLWDU\DQGYDULRXVRWKHUDSSOLFDWLRQV
7KH 0(06 IDEULFDWLRQ WHFKQRORJLHV KDYH EHHQ GHYHORSHG RQ WKH EDVH RI
PLFURHOHFWURQLFV LQGXVWULHV 7KH\ FDQ EH GLYLGHG LQWR VHYHUDO FDWHJRULHV VXUIDFH
PLFURPDFKLQLQJ EXON PLFURPDFKLQLQJ DQG /,*$ *HUPDQ DFURQ\P IRU ;UD\
OLWKRJUDSK\ HOHFWURGHSRVLWLRQ DQG PROGLQJ 6XUIDFH PLFURPDFKLQLQJ SURFHVV LV
DGGLWLYH YDULRXV ILOPV DUH GHSRVLWHG RQ WRS RI WKH VXEVWUDWH DQG WKHQ SDUWV RI
GHSRVLWHG ILOPV DUH VHOHFWLYHO\ UHPRYHG WR FUHDWH 0(06 GHYLFHV VLPLODU WR
IDEULFDWLRQRIPXOWLOD\HULQWHJUDWHGFLUFXLWV6XUIDFHPLFURPDFKLQLQJLVDYHU\PDWXUH
WHFKQRORJ\+RZHYHULWLVOLPLWHGWRPDNHVRPHWKLQILOPPLFURVWUXFWXUHVDQGFDQQRW
PDWFK WKH UHTXLUHPHQW IRU KLJK DVSHFW UDWLRPLFURVWUXFWXUHV  %XONPLFURPDFKLQLQJ
FDQ PHHW WKH UHTXLUHPHQW IRU KLJK DVSHFW UDWLR PLFURVWUXFWXUHV ,W XVHV VLOLFRQ ZHW
HWFK VLOLFRQ GU\ HWFK RU /,*$ SURFHVVLQJ WR JHW EXON PLFURVWUXFWXUHV 7KH EXON
PLFURPDFKLQHG GHYLFHV ZLOO KDYH PRVW PHULW RI ERWK WUDGLWLRQDO PHFKDQLFDO DQG
PLFURHOHFWURQLF GHYLFHV 6HYHUDO NLQGV RI PLFUR UHOD\V DOUHDG\ DUH IDEULFDWHG E\
0(06WHFKQRORJ\
,Q UHFHQW \HDUV PXFK UHVHDUFK DQG GHYHORSPHQW KDYH DOUHDG\ EHHQ GRQH
FRQFHUQLQJPLFURUHOD\VDQG0(06UHOD\VKDYHDOUHDG\EHFRPHRQHRIVHYHUDODFWLYH
DUHDVRI0(067KHUHDUHPDQ\NLQGVRISURWRW\SH0(06UHOD\VUHSRUWHG7KH\FDQ
EH GLYLGHG LQWR GLIIHUHQW JURXSV EDVHG RQ ZRUN SULQFLSOH PLFURVWUXFWXUH GHVLJQ
IDEULFDWLRQPHWKRGVDQGDSSOLFDWLRQ
7KHUH KDYH EHHQ VHYHUDO GLIIHUHQW SURWRW\SHV RI PLFURUHOD\V UHSRUWHG LQ WKH
OLWHUDWXUH(OHFWURVWDWLFDFWXDWLRQLVRQHRIWKHP*UHWLOODWHWDO>*UHWLOODWHWDO@
UHSRUWHGDQHOHFWURVWDWLFSRO\VLOLFRQPLFURUHOD\LQWHJUDWHGZLWK026)(7V'UDNHHW
DO >'UDNH HW DO @ UHSRUWHG DQ HOHFWURVWDWLFDOO\ DFWXDWHG PLFURUHOD\ IRU XVH LQ
DXWRPDWLF WHVW HTXLSPHQW $7(7KHLU GHVLJQ FRPSULVHGRI VLOLFRQ DQGJODVV FKLSV
ERQGHGWRJHWKHUWULHGWRFRPELQHWKHLVRODWLRQDQGORZOHDNDJHFXUUHQWTXDOLWLHVRIWKH
WUDGLWLRQDOPHFKDQLFDOUHOD\VZLWKWKHVSHHGDQGVL]HDGYDQWDJHVRIVROLGVWDWHUHOD\V
$FWXDWLRQ YROWDJHV OHVV WKDQ 9KDYH EHHQ REWDLQHG DQG RQUHVLVWDQFH KDV EHHQ
PHDVXUHGWREHOHVVWKDQRKPV7KHGHYLFHZDVRSHUDWHGIRUPRUHWKDQPLOOLRQ
F\FOHVZLWKRXW IDLOXUH&ORVXUH WLPHVRI OHVVWKDQVDUHFODLPHG<DRDQG&KDQJ
><DR DQG &KDQJ @ UHSRUWHG D VXUIDFH PLFURPDFKLQHG PLFUR VZLWFK IRU
WHOHFRPPXQLFDWLRQV DSSOLFDWLRQV ,W ZDV PDGH RQ D VHPLLQVXODWLQJ *D$V VXEVWUDWH
XVLQJ D VXVSHQGHG VLOLFRQ GLR[LGHPLFUREHDP DV WKH FDQWLOHYHU DUP D SODWLQXPWR
JROG HOHFWULFDO FRQWDFW DQG HOHFWURVWDWLF DFWXDWLRQ UHTXLULQJ DERXW  YROWV DV WKH
VZLWFKLQJ PHFKDQLVP 7KH UHOD\ IXQFWLRQV IURP'& WR 5) IUHTXHQFLHV DQG KDV DQ
HOHFWULFDO LVRODWLRQ RI  G% DQG DQ LQVHUWLRQ ORVV RI  G% DW *+] 7KH VZLWFK
FORVXUHWLPHLVRQWKHRUGHURIPV
+DVKLPRWR HW DO >+DVKLPRWR HW DO @ UHSRUWHG D WKHUPDOO\ FRQWUROOHG
PDJQHWL]DWLRQPLFURUHOD\7KHGHYLFHLVWKHUPDOO\DFWXDWHGZLWKDQLQWHJUDOWLWDQLXP
ILOP KHDWHUZKLFK FKDQJHV WKH ORFDOPDJQHWL]DWLRQ7KH UHVXOW LV D VLPSOH VWUXFWXUH





 +RVDND HW DO >+RVDND HW DO @ UHSRUWHG VRPH IXQGDPHQWDO ZRUN RQ
HOHFWURPDJQHWLFDOO\ DFWXDWHGPLFURUHOD\V  ,Q WKHLU UHVHDUFK DPLQLDWXUH LQFKVL]H
HOHFWURPDJQHWLF UHOD\ ZDV FRQVWUXFWHG XVLQJ D PLFURIDEULFDWHG VSULQJ DQG D ODUJH
H[WHUQDO FRLO DVVHPEOHG WRJHWKHU ,Q  + 5HQ HW DO UHSRUWHG D FXUUHQWSXOVH
H[FLWHGELVWDEOHPDJQHWLFPLFURDFWXDWRUZKLFKFDQEHXVHGDVDPLFURUHOD\,QWKHLU
UHVHDUFK 89 OLWKRJUDSK\ HOHFWURSODWLQJ 1L)H DOOR\ DV ZHOO DV VDFULILFLDO OD\HU
HWFKLQJZHUHXVHGWRJHWORQJPRYLQJGLVWDQFHDQGDELJFRQWDFWIRUFH
$ SODVWLFSDFNDJHG HOHFWURPDJQHWLF PLFURUHOD\ UHSRUWHG E\ 7LOPDQV HW DO >+
7LOPDQV@$PXOWLOD\HU&XFRLOLVXVHGWRDFWXDWHDPRYDEOH1L)HDUPDWXUHWR
WXUQ RQ WKH UHOD\ ZLWK :RQUHVLVWDQFH DQG PRUH WKDQ  : RIIUHVLVWDQFH
RSHUDWLRQWLPHPVDQGDFWXDWLRQYROWDJH9
7KHILUVWHIIRUWXVLQJWKH /,*$SURFHVVIRUIDEULFDWLRQRIPLFURUHOD\VZDVPDGH
E\ 5RJJH HW DO >5RJJH HW DO @ ,Q WKHLU VWXG\ DQ LQWHJUDWHG PDJQHWLF FRUH
ZUDSSHG ZLWK D PLFURIDEULFDWHG SODQDU FRLO LV PDGH ZLWK WKH /,*$ SURFHVV 7KH
PLFURUHOD\KDVWKHDGYDQWDJHVRIHOHFWURPDJQHWLFDFWXDWLRQDQGIXOOEDWFKIDEULFDWLRQ
7KHIRRWSULQWRI WKHFRPSOHWHPLFURUHOD\LVDERXWPPE\PPDQGLWZDVIRXQG
WKDW WKH UHOD\VPDGHZLWK QLFNHO FDQ EH VZLWFKHGZLWK D FXUUHQW RI $ DQG RQO\
P$RIFXUUHQWLVUHTXLUHGIRUVZLWFKLQJUHOD\VPDGHZLWKSHUPDOOR\+RZHYHUWKH
ILYH PDVN SURFHVV FRPELQHV WZR GHHS [UD\ OLWKRJUDSK\ OD\HUV DQG WKUHH RSWLFDO
OLWKRJUDSK\OD\HUVVRWKDWWKHFRLOFDQQRWEHSODVWLFPROGHGIRUPDVVSURGXFWLRQ7KLV
HOLPLQDWHV RQH RI WKH SULQFLSDO DGYDQWDJHV LQPDNLQJ DPDUNHWDEOH ORZFRVW /,*$
SURGXFW
*XFNHO HW DO >*XFNHO HW DO @ UHSRUWHG DQ HOHFWURPDJQHWLF PLFURDFWXDWRU
ZLWK LQGXFWLYH VHQVLQJ FDSDELOLW\ ,W XVHV D /,*$IDEULFDWHGPDJQHWLF FRUHZUDSSHG
ZLWK DPHFKDQLFDOO\ZRXQG FRLO  7KH HOHFWURPDJQHWLF DFWXDWRU KDV D SODQDU GHVLJQ
DQGUHODWLYHO\ODUJHVL]HLQWKHPLOOLPHWHUUDQJH7KHGLVDGYDQWDJHRIWKHGHVLJQDQG
OD\RXW RI WKH DFWXDWRU SURSRVHG E\ *XFNHO LV WKDW LW LV TXLWH FRPSOLFDWHG DQG YHU\
GLIILFXOW WR LQVHUW WKH FRLO LQWR WKH KRUL]RQWDOO\ ORFDWHG PRXQWLQJ EUDFNHW LQ D
FRQWUROODEOHDQGUHSHDWDEOHIDVKLRQ
,JQD]HWDO >,JQD]6FKLHOHHWDO@ UHSRUWHG WKUHHNLQGVRIHOHFWURVWDWLFDOO\
GULYHQPLFURUHOD\V7KHPLFURUHOD\VJHW ORZHUSRZHUFRQVXPSWLRQDQG ORZHUVZLWFK
WLPH6KXYR5R\HWDO>6KXYR5R\ HWDO@UHSRUWHGDNLQGRIQLFNHOPLFURUHOD\V
GULYHQE\HOHFWURVWDWLF FRPEGULYH DQG IDEULFDWHGE\QLFNHO VXUIDFHPLFURPDFKLQLQJ





0(06 FRPSDWLEOH IRUFH OHYHO 77/ FRPSDWLEOH DFWXDWLRQ DQG DLU JDS LVRODWLRQ LQ
RSHQ VWDWH 7KH\ IDEULFDWHG WKH UHOD\V LQ WKH FRPPHUFLDO 0&1& 0803¶V GXDO
SRO\VLOLFRQIRXQGU\SURFHVVZLWKQRDVVHPEO\:LWKWKHUPDODFWXDWLRQWKHVZLWFKWLPH
LVaPV
7KH SUDFWLFDO XWLOL]DWLRQ RI HOHFWURVWDWLF DFWXDWRUV LQ0(06V\VWHPV LV DOUHDG\





KDYH EHHQ UHSRUWHG 7KH EHVW SHUIRUPDQFH FKDUDFWHULVWLFV RI D SRZHU PLFUR UHOD\
VKRXOG LQFOXGH ORZ RQUHVLVWDQFH KLJK RIIUHVLVWDQFH KLJK HOHFWULFDO LVRODWLRQ KLJK
UHOLDELOLW\ ODUJH SRZHU FDSDFLW\ IDVW UHVSRQVH PLFURVL]H DQG ORZ FRVW RI EDWFK
SURGXFWLRQ
7KH UHVHDUFK ZRUN SUHVHQWHG LQ WKLV WKHVLV WDUJHWHG WR GHVLJQ VLPXODWH DQG
IDEULFDWH D 0(06 PLFUR SRZHU UHOD\ GULYHQ E\ HOHFWURVWDWLF IRUFH 7KH FKDUDFWHUV
UHTXLUHGIRUKLJKSRZHUFDSDFLW\UHOD\VVXFKDVORZRQUHVLVWDQFHKLJKRIIUHVLVWDQFH
ODUJH SRZHU FDSDFLW\ KLJK HOHFWULFDO LVRODWLRQ KLJK UHOLDELOLW\ IDVW UHVSRQVH PLFUR
VL]HGFDQEHDFKLHYHGZLWKORZFRVWEDWFKSURGXFWLRQ7RVDWLVI\WKHUHTXLUHPHQWVRI





89/,*$ IDEULFDWHG PHWDO VWUXFWXUHV DUH JRRG FKRLFHV 7R REWDLQ KLJKHU HOHFWULFDO







PLFURVWUXFWXUHV ZLWK WKH 89/,*$ SURFHVV PDNH LW WKH EHVW WHFKQRORJ\ IRU PLFUR
IDEULFDWLQJKLJKSRZHUPLFURUHOD\VDQGUHOD\DUUD\V
&RPSDUHG ZLWK WKH FRQYHQWLRQDO 0(06 SURFHVVHV EDVHG RQ VLOLFRQ




WKHVH PDWHULDOV FDQ EH XVHG ZLWK WKH 89/,*$ SURFHVV 7KLV VHFRQG DGYDQWDJH








PD\EH WRR FRVWO\ IRUPRVW LQGXVWULDO DSSOLFDWLRQV)LJXUH VKRZVDQ;UD\PDVN
PDGHIRU&$0'E\WKLVDXWKRU$VDFKHDSHUDOWHUQDWLYHWKH89EDVHG/,*$SURFHVV
KDVEHHQJHWWLQJPRUHSRSXODU UHFHQWO\ ,Q89/,*$SURFHVV WKLFN UHVLVW68DQG
XOWUDYLROHW OLJKW RSWLFDO OLWKRJUDSK\ DUH XVHG LQVWHDG RI WKH [UD\ VRXUFH  7KLV
DSSURDFK KHOSV WR UHGXFH WKH FRVW RI IDEULFDWLRQ VLJQLILFDQWO\ DQG DW WKH VDPH WLPH









89 OLWKRJUDSK WHFKQRORJ\ DQG ZLWK 68 DV WKH WKLFN UHVLVW DQG QLFNHO RU FRSSHU
HOHFWURSODWLQJ )LJXUH  LV VKRZQ VRPH KLJK DVSHFW UDWLR PHWDO PLFURVWUXFWXUHV
)LJXUH  VKRZV 6(0 SLFWXUHV RI D FRPE GULYH PDGH IURP QLFNHO D 68

HOHFWURSODWLQJPRGHOZLWKWKHKLJKDVSHFWUDWLRPRUHWKDQZDVXVHG%DVHGRQ WKHVH




7R GHVLJQ D PLFUR SRZHU UHOD\ VHYHUDO PDMRU GHVLJQ LVVXHV QHHG WR EH
FRQVLGHUHGZKDWNLQGRIIRUFHLVWREHXVHGWRGULYHWKHUHOD\ZKDWNLQGRIVWUXFWXUH
WKHUHOD\VKRXOGWDNHZKDWNLQGRIPDWHULDOVDUHWKHEHVWFKRLFHIRUWKHUHOD\WKHVWDWLF
FKDUDFWHU WKH G\QDPLF FKDUDFWHU DQG WKH WKHUPDO FKDUDFWHU RI WKH UHOD\ ,Q WKLV
FKDSWHUGHWDLOHGDQDO\VLVRIWKHVHLVVXHVDQGWKHGHVLJQRIWKHUHOD\ZLOOEHSUHVHQWHG)RUFH&KRLFHIRU0LFUR3RZHU5HOD\V
7KHUH DUH IRXU W\SHV RI DFWXDWLRQ IRUFHV XVHG IRU 0(06 DFWXDWRUV
HOHFWURVWDWLF HOHFWURPDJQHWLF WKHUPDODQGSLH]RHOHFWULFDO IRUFHV (OHFWURVWDWLF IRUFH
LV SUREDEO\ WKH PRVW ZLGHO\ XVHG DQG DFWXDWLRQ IRUFH ILUVW DGRSWHG LQ WKH 0(06
GHYLFHV ,W KDV IRXQG DSSOLFDWLRQV LQ VXFK GHYLFHV DV FRPEGULYH DFWXDWRUV DQG
PLFURHOHFWURVWDWLF PLFUR PRWRU²RQH RI WKH PRVW ZLGHO\ UHSRUWHG 0(06 GHYLFHV
$FWXDWRUVGULYHQE\HOHFWURVWDWLFIRUFHDUHHDV\WREHIDEULFDWHGDQGLQWHJUDWHGZLWK,&
FLUFXLWV7KHHOHFWURVWDWLFDFWXDWLRQIRUFH LVQRWVRHDVLO\DIIHFWHGE\H[WHUQDOQRLVHV
,Q JHQHUDO LW LV PXFK HDVLHU WR REWDLQ VWURQJHU HOHFWURPDJQHWLF IRUFH WKDQ DQ
HOHFWURVWDWLF RQH +RZHYHU HOHFWURPDJQHWLF DFWXDWRUV WHQG WR KDYH PXFK ODUJHU
SK\VLFDO VL]HV DQG DUH QRW HDV\ WR EH LQWHJUDWHG ZLWK RWKHU GHYLFHV DQG FLUFXLWV
6RPHWLPHV SHRSOH KDYH WR IDEULFDWH DQG LQWHJUDWH WKH HOHFWURPDJQHWLF DFWXDWRUV
PDQXDOO\$WWKHVDPHWLPHHOHFWURPDJQHWLFDFWXDWRUVQRUPDOO\QHHGKXJHFXUUHQWWR
SURGXFH D SRZHUIXO IRUFH )RU WKHUPDO IRUFH WKH DFWXDWRUV DOVR FDQ SURGXFH ODUJHU
IRUFH IRU PLFUR GHYLFHV 7KH\ QHHG KHDWHUV WR SURGXFH WHPSHUDWXUH JUDGHV 7KHVH

WHPSHUDWXUH JUDGHV SURGXFH IRUFH WR DIIHFW RWKHU VWUXFWXUHV¶ RU GHYLFHV¶ ZRUN $QG
WKHUPDO DFWXDWRU¶V UHVSRQG VSHHG LV YHU\ ORZ 3LH]RHOHFWULFDO DFWXDWRUV FDQ SURGXFH
ODUJHU IRUFHEXW WKHPRYLQJGLVWDQFHLVWRRVKRUW1RUPDOO\SLH]RHOHFWULFDODFWXDWRUV
QHHGYHU\KLJKGULYHYROWDJH
)RU WKH SRZHU UHOD\ SUHVHQWHG LQ WKLV WKHVLV HOHFWURVWDWLF IRUFH ZDV XVHG WR
GULYH WKH DFWXDWRU ,W LV HDV\ WR LQWHJUDWH WKH DFWXDWRU ZLWK WKH FRQWURO FLUFXLWV DQG
FXUUHQW VXSSO\ FLUFXLWV$QG IRU WKH HOHFWURVWDWLFSODWH FDSDFLWRUGULYHZKHQ WKHJDS
EHWZHHQWKHWZRSODWHVUHGXFHVWKHIRUFHLQFUHDVHVQRQOLQHDUO\:KHQWKHGLVWDQFHLV
]HURWKHIRUFHLVLQILQLWH7KLVFKDUDFWHURIWKHHOHFWURVWDWLFIRUFHFDQPDNHWKHSRZHU
UHOD\ KDYH WKH PLQLPL]HG RQUHVLVWDQFH WKH UHVLVWDQFH ZKHQ WKH UHOD\ WXUQV RQ
:KHQWKHSRZHUUHOD\LVWXUQHGRQWKHGLVWDQFHEHWZHHQWKHWZRVLGHVRIWKHFDSDFLWRU


















FRPPRQ GLJLWDO VLJQDO UHOD\V ZH QHHG WR LVRODWH WKH FRQWURO YROWDJH DQG WKH VLJQDO
FXUUHQW ,Q UHOD\VXVHG IRU GLJLWDO WHOHFRPPXQLFDWLRQ DSSOLFDWLRQV WKH DFWXDWRURIWHQ






















XVHG WR VXVSHQG WKH WRS FDSDFLWRUSODWHRI WKH DFWXDWRURQ WKH VXEVWUDWH7KHERWWRP
SODWH RI WKH FDSDFLWRU DFWXDWRU LV IL[HG RQ WKH VXEVWUDWH7KHUH DUHZLUHV FRQQHFWLQJ
VHSDUDWHO\ WR WKH WRS FDSDFLWRU SODWH ERWWRPFDSDFLWRUSODWH DQGHOHFWURGHV&RQWURO

YROWDJHLVVXSSOLHGDFURVVWKHWRSFDSDFLWRUDQGERWWRPFDSDFLWRUWRSXOOGRZQWKHWRS
FDSDFLWRU SODWH 7KLV KHOSV WR EULQJ GRZQ WKHPHWDO FRQQHFWRUV WR FRQQHFWZLWK WKH
HOHFWURGHV
)LJXUH 6FKHPDWLFGHVLJQRIWKHPLFURSRZHUUHOD\SUHVHQWHGLQWKLVWKHVLV6WDWLF$QDO\VLVRI0LFUR3RZHU5HOD\V
7KH VWDWLF DQG G\QDPLF DQDO\VHVZHUHGRQH LQRUGHU WR FRQILUP WKH VWUXFWXUH
GHVLJQ LV JRRG DQG WR REWDLQ GHWDLO GLPHQVLRQ GHVLJQ IRU WKH VWUXFWXUH 7KHUH DUH
VHYHUDO NH\ FRPSRQHQWV WR EH GHVLJQHG  )RU H[DPSOH WR GHVLJQ D VDWLVIDFWRU\
DFWXDWRUERWK WKHGLPHQVLRQVRI WKHFDSDFLWRUDQG WKHVXVSHQVLRQVSULQJVQHHGWREH
GHVLJQHG 7KH GHVLJQV RI FDSDFLWRU DFWXDWRU DQG WKH VXVSHQVLRQ VSULQJV DUH FORVHO\
UHODWHG DQG FDQ QRW EH WUHDWHG VHSDUDWHO\ EHFDXVH VWLII VSULQJV PHDQV ODUJHU
HOHFWURVWDWLFIRUFHLVUHTXLUHGWRGULYHWKHDFWXDWRU
$VLPSOHPDWKHPDWLFDOPRGHOIRUWKHVXVSHQVLRQVSULQJZLOOEHEXLOWILUVW7KH






)RU VSULQJV D VLPSOLILHG FORVHG IRUP VWDWLF PDWKHPDWLFDO PRGHO FDQ EH
GHYHORSHGWRPRGHOWKHVWLIIQHVV. RIDIODWVSULQJEDVHGRQVWDWLFDQDO\VLV(DFKRIWKH
IODW VSULQJV FDQ EH WUHDWHG DV PXOWLSOH FDQWLOHYHUEHDPV LQ FDVFDGH 7KH HTXLYDOHQW




7KHQ WKH V\VWHP LQ )LJXUH  PD\EH VLPSOLILHG DV D VLPSOH VSULQJPDVV
V\VWHP DV VKRZQ LQ )LJXUH  ZLWK D IRUFH LQSXW RQ WKH OHIW VLGH ZKHUH WKH














,IZHDVVXPHH  u )P$ PPuPPG PPH Y
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1HG$)   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    u uuu uuu  H
,Q FDOFXODWLQJ WKH PDVV RI WKH PRYLQJ SDUW WKH YROXPH RI WKH PRYLQJ SDUW






7R REWDLQ WKH YROXPH RI WKH PRYLQJ SDUW ZH DVVXPH WKH WKLFNQHVV RI WKH
VSULQJDQGRIWKHFDSDFLWRUDFWXDWRU¶VWRSSDUWDUHWKHVDPH,IWKHWKLFNQHVVLVDVVXPHG
WREHPLFURQVWKHQWKHYROXPHVFDQEHFDOFXODWHGDV















:LWK   PNJ&X u|U    PNJ68 u|U IRU WKH PD[ GHQVLW\
RI6868WKHPDVVRIWKHPRYLQJSDUWFDQEHFDOFXODWHGDV
0PRYLQJ  U&X 9&X  U68  968   u u  u  u u u  uNJ
0PRYLQJ  J   u u    u1
,IWKHPDWHULDOIRUWKHPLFURVWUXFWXUHFKDQJHVWRQLFNHOZHFDQJHW
0PRYLQJ  U1LFNHO 91LFNHO  U68  968   u u  u  u u u  uNJ
1J0PRYLQJ    u uu 




J  6KHDU0RGXOXVLV* *3D)RUQLFNHOWKH<RXQJ¶V0RGXOXVLV( 
*3D3RLVVRQ¶V5DWLR LV J  6KHDU0RGXOXV LV* *3D%HFDXVH WKHVDPH
PDWHULDOPD\KDYHGLIIHUHQWSURSHUWLHVZLWK WKHGLIIHUHQW IDEULFDWLRQSURFHVVLQJ LW LV
KDUGWRILQGGHSHQGDEOHYDOXHVIRUPDWHULDOSURSHUWLHV6RWKHVHQXPEHUVUHIHUUHGKHUH
DUHRQO\XVHIXOIRUDYHU\URXJKHVWLPDWLRQ)LJXUHVKRZVWKHVSULQJVWUXFWXUHDQG




,Q WKH HOHFWURVWDWLF DQG G\QDPLF DQDO\VLV SUHVHQWHG LQ WKLV WKHVLV WKH








ILQLWH HOHPHQW PRGHO ZLOO DOVR EH FRQVWUXFWHG IRU WKH ]LJ]DJ VKDSHG IODW VSULQJV LQ











WKH GLPHQVLRQ RI WKH VSULQJ LQ $16<6 FKRRVH HOHPHQW W\SH VHW WKH
PDWHULDO SURSHUWLHV IRUFHV DQG ERXQGDU\ FRQGLWLRQV PHVK WKH PLFUR
VWUXFWXUH WRJHW ILQLWHHOHPHQWV WKHQGRILQLWHHOHPHQWDOFDOFXODWLRQWRJHW
WKHPRYLQJGLVWDQFHRIWKHDFWXDWRUZLWKWKLVIRUFH
 $QRWKHUPHWKRGLVWRSURJUDPDQ$16<6FRGHGLUHFWO\:LWKWKLVPHWKRG
LW LV HDV\ WR FKDQJH WKH VLPXODWLRQ SDUDPHWHUV E\ MXVW FKDQJLQJ WKH
SDUDPHWHUV LQ WKH$16<6 FRGH+RZHYHU WKH SURJUDP QHHGVPRUH WLPH
WKDQXVLQJ$16<6XVHU¶VLQWHUIDFH
,QRQHRI WKHW\SLFDO$16<6FRGHIRUDVSULQJ¶VVWDWLFDQDO\VLVWKHOHQJWKRI
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)URPWKHUHVXOWVSUHVHQWHGLQWKHIRUHJRLQJWDEOHVLWFDQEHVHHQ WKDWLIZHIL[




DFWXDWRU ,Q ILJXUH  ZH DVVXPH G VWDQGV IRU WKH RULJLQDO GLVWDQFH EHWZHHQ WKH
SODWHVRIWKHHOHFWURVWDWLFGULYH G' LVWKHGLVWDQFHWKHXSSHUSODWHSXOOHGGRZQ G LV
WKHGLVWDQFHEHWZHHQWKHSODWHVRIWKHHOHFWURVWDWLFGULYH7RVLPSOLI\WKHDQDO\VLVWKH
HODVWLF FRQVWDQW RI WKH VSULQJ LV DVVXPHG QRW WR FKDQJH ZKHQ WKH VSULQJ LV SXOOHG
GRZQZHDOVRDVVXPHWKHVSULQJLVDVVXPHWREHOLQHDULWVSK\VLFDOSURSHUWLHVZLOOQRW
FKDQJH ZKHQ LWV OHQJWK FKDQJHV 7KH VSULQJ¶V OHQJWK FKDQJH G' LV DVVXPHG WR EH
PXFK VPDOOHU WKDQ WKH WRWDO OHQJWK RI WKH VSULQJ 7KHQ WKH UHODWLRQVKLS EHWZHHQ WKH
IRUFHDQGWKHGLVSODFHPHQWLV
)6  .  'G   $VLWLVNQRZQWKHUHODWLRQVKLSEHWZHHQ WKHHOHFWURVWDWLFGULYLQJIRUFHDQGWKH
JDSFKDQJHFDQEHGHULYHGDV
)(  H$G  H  H$G  'G H   

:KHQ WKHUH DUH MXVW WKHVH WZR IRUFHV RQ WKH UHOD\ DQG WKH UHOD\ UHDFKHV DQ
HTXLOLEULXPSRVLWLRQ
(6 ))     
6RDWWKLVSRLQWWKHUHOD\ZLOOUHDFKHTXLOLEULXPUHVXOWLQJLQ
.  'G  H$G 'G H   
G
G'
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VXVSHQVLRQ IRUFH RI WKH VSULQJ ,W FDQ EH VHHQ WKDW IRU VRPH GHVLJQ RI VSULQJV WKH
HOHFWURVWDWLFIRUFHLVDOZD\VELJJHUWKDQWKHSODVWLFIRUFHVXFKDVWKHIRUFH 6) ZKLFK
LVDOZD\VVPDOOHUWKDQWKHHOHFWURVWDWLFIRUFHJLYHQE\WKHYROWDJH H DQG H )RUWKHVH
VSULQJV WKH HOHFWURVWDWLF IRUFH LV QRW HQRXJK WR SXOO GRZQ WKH WRS SODWH RI WKH
HOHFWURVWDWLFDFWXDWRU)RUVRPHRWKHUVSULQJGHVLJQZHFDQILQGWKHUHDUHDFURVVSRLQW
LQ)LJXUH$WWKHVHSRLQWVWKHHOHFWURVWDWLFIRUFHDQGWKHPHFKDQLFDOVXVSHQVLRQ
IRUFH EHFRPH HTXDO :KHQ G' LV ELJJHU WKDQ WKH YDOXHV DW WKHVH SRLQWV WKH




(6 ))    .  'G  H$G 'G H   
6RZHFDQJHWWKHHTXDWLRQ
H  G 'G .'GH$   
)LJXUHVKRZVWKHUHODWLRQRIWKHGULYHYROWDJHH DQGWKHPRYLQJGLVWDQFH
¨G%\GLIIHUHQWLDWLQJ(TZHKDYH
GHG'G   .'GH$  G  'G   .'GH$   .H$  

$VVXPH GHG'G   .'GH$  G  'G   .'GH$   .H$   









)URP )LJXUH  ZH NQRZ WKDW ZKHQ WKH SXOOLQJGRZQ GLVWDQFH LQFUHDVH
IURP]HURWRWKHSRLQWRI  G WKHGULYHYROWDJHUHDFKHVWKHPD[LPYDOXHDQGZLOOQRW
QHHG WR EH LQFUHDVHGZKHQ WKH SXOOLQJGRZQ GLVWDQFH LQFUHDVH ,WPHDQV WKDW LI WKH
YROWDJH H FDQ GULYH WKH ¨G WR d0 /3  WKLV GULYH YROWDJH H FDQ GULYH WKH HOHFWURVWDWLFDFWXDWRUWRFORVH$QGZHFDOOWKLVYROWDJHLVWKHSXOOLQYROWDJH)URPHTXDWLRQV
DQGWKHSXOOLQYROWDJHIRUWKHSDUDOOHOSODWHHOHFWURVWDWLFDFWXDWRULV
93,  G   G . 
 GH$    G .GH$  

7KHGDPSHGQDWXUDOIUHTXHQF\RIWKHPHFKDQLFDOV\VWHPLV
ZQG  N0  E0§© ·¹   
7KH V\VWHP SDUDPHWHUV FDQ EH VHW EDVHG RQ WKH DQDO\VLV RI WKH SHUIRUPDQFH
XVLQJ WKHPRGHO7KHGDPSLQJFRHIILFLHQWE LVYHU\FRPSOH[ LQ WKLVPLFURDQGKLJK
UHVSRQVH VWUXFWXUH )RU WKH UHDVRQ RI VLPSOLFLW\ WKH GDPSLQJ FRHIILFLHQW E RI WKH
V\VWHP LV DVVXPHG WR EH ]HUR DQG WKHQ WKH QDWXUDO IUHTXHQF\ RI WKH V\VWHP LV WKH
XQGDPSHGQDWXUDOIUHTXHQF\ QGZ 
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WKH FDSDFLWRU %DVHG RQ WKH FDOFXODWLRQ UHVXOWV DQG WKH IDEULFDWLRQ FRQGLWLRQ ZH
FKRRVH WKH VSULQJ WKLFNQHVV PP WKH VSULQJ ZLGWK PP WKH DFWXDWRU
[PPWKHJDSLVaPPWKHVSULQJVL]HLVVKRZQLQ)LJXUHDQG)LJXUH
WKHSXOOLQJGRZQYROWDJHLVDERXW9
)RU WKHZRUN DW WKLV VWDJH LW ZDV GHFLGHG WR XVH1L DV WKH EDVLFPHWDO ILUVW
EHFDXVH1LLVHDV\WRSURFHVVDQGLW¶VQRWDVHDVLO\R[LGL]HGDV&X7KHILQDOJRDOLQ

WKH IDEULFDWLRQHIIRUW LV WRXVH&X WRIDEULFDWHDOORI WKHSRZHUUHOD\VEHFDXVHRI WKH
EHWWHUHOHFWULFDOFRQGXFWLYLW\
)RUWKHSURWRW\SHUHOD\QLFNHOZDVXVHGDVWKHPDLQPHWDOWREHHOHFWURSODWHG
DQG WKH IODW VSULQJVKDYH VL[ FDVFDGHGEHDPVZLWK DZLGWKRI  PPaPPDQGD
WKLFNQHVVRIPP7KHQ WKHVSULQJVWLIIQHVV.FDQEHURXJKO\HVWLPDWHGDVHTXDO WR






SURYLGH D UHDOLVWLF DVVHVVPHQW RI WKH G\QDPLF SHUIRUPDQFHV DQG JXLGDQFH IRU






DQG SRZHU ORVV EHFDXVH RI WKH ODUJH FXUUHQW FDSDFLW\ WR EH KDQGOHG )RU GLIIHUHQW

SXOOLQJGRZQ IRUFHV WKHUHDUHGLIIHUHQWRQUHVLVWDQFHV7KHUHIRUH WKH WRWDO UHVLVWDQFH
LQ WKH SRZHU FXUUHQW FLUFXLW LV GHSHQGHQW RQ ERWK WKH FRQGXFWLYLW\ RI WKH PHWDO
VWUXFWXUHVDQGWKHQRQSHUIHFWPHFKDQLFDOFRQWDFW
7KH YDOXH RI RQUHVLVWDQFH LV GHSHQGHQW RQ WKH SXOOLQ IRUFH DQG WKH VXUIDFH
FRQGLWLRQ RI WKH HOHFWURGHV ,I WKH SXOOLQ IRUFH LV ELJJHU WKH RQUHVLVWDQFH ZLOO EH
VPDOOHU,IWKHVXUIDFHRIWKHHOHFWURGHVLVVPRRWKHUWKHRQUHVLVWDQFHZLOOEHVPDOOHU
+HDW LV SURGXFHG ZKHQ WKH FXUUHQW SDVVHV WKH UHOD\ 7KH KHDW VKRXOG EH
 WDQ FHUHVLVRQPHWDO 55,5,4    )RUDIDEULFDWHGPLFURSRZHUUHOD\WKHVWUXFWXUH
DOUHDG\H[LVWVVRWKH5PHWDO ZLOOQRWFKDQJH7KHUHODWLRQVKLSEHWZHHQWKHRQUHVLVWDQFHRIPLFURSRZHUUHOD\VDQGLWVWXUQRQIRUFHFDQEHPHDVXUHG+HUHWKHWXUQRQIRUFHLV














FRQQHFWRUV UHGXFHV IURPG WR]HUR WKHFXUUHQW LQFUHDVHV IURP WR , -XVWEHIRUH WKH
HOHFWURGHVDQGWKHPHWDOFRQQHFWRUVPDNHFRQWDFWWKHLQVWDQWWKDWWKHGLVWDQFHUHGXFHV
WRDYHU\VPDOOQXPEHUEXWQRW]HURDUFDQGVLJQLILFDQWKHDWJHQHUDWLRQPD\OHDGWR
VRPHPHWDO HURVLRQ 7KH HURVLRQV DIIHFW WKH RQUHVLVWDQFH DQG WKH UHOLDELOLW\ RI WKH
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ERWK RI WKHP FDQ EH XVHG IRU WKH PLFUR SRZHU UHOD\ +RZHYHU FRSSHU LV VRIWHU
PHFKDQLFDOO\ WKLV PHDQV ORZHU <RXQJ¶V PRGXOXV DQG WKHUHIRUH VPDOOHU IRUFH WR
GULYHEXWKDVEHWWHUHOHFWULFFRQGXFWLYLW\UHVLVWDQFHZLOOEHORZHUDQGSURGXFHVOHVV
KHDW(IIRUWVPD\EHPDGHDWDODWHUVWDJHWRLQLWLDWHHIIRUWWRHOHFWURSODWHVXFKFRSSHU




68 D QHJDWLYHWRQH WKLFN SKRWRUHVLVW DQG $= D SRVLWLYH SKRWR UHVLVW DUH XVHG
&RPSDUHGZLWK$=68LVPXFKHDVLHUWRJHWWKLFNHUWKDQPWKLFNOD\HU$QGLQ
RXU H[SHULPHQW LW LV HDVLHU WR JHW WKLFNHU WKDQ P OD\HU E\68ZLWKRXW FUDFNV
7KHUHIRUH68ZDVVHOHFWHGDVWKHSKRWRUHVLVW
7DEOH3URFHVVLQJ6WHSVIRUWKH0LFUR3RZHU5HOD\



























































































)URP D IDEULFDWLRQ SRLQW RI YLHZ FRSSHU SRVHV VRPHGLIILFXOWLHV IRU XV7KH
PDLQ SUREOHP IDFHG ZDV WKDW FRSSHU LV HDVLO\ R[LGL]HG ,Q RXU SURFHVVLQJ D 68







SRZHU UHOD\ OLNH WKLV WKH PLFUR SRZHU UHOD\ LV PDGH IURP QLFNHO XVLQJ 89/,*$
SURFHVVLQJ7KHVWUXFWXUHRIWKHUHOD\LVVKRZQLQ)LJXUHDQGWKHUHOD\ZLOOKDYHD
WRS SDUW LQFOXGLQJ PHWDO FRQQHFWRU FDSDFLWRU GULYH VXVSHQGLQJ VSULQJV IUDPH
SRO\PHU FRQQHFWRU DQG ERWWRP SDUW LQFOXGLQJ HOHFWURGHV PHWDO SDGV FDSDFLWRU
GULYH7KHWRSSDUWDQGERWWRPSDUWDUHIDEULFDWHGVHSDUDWHO\DQGWKHQDVVHPEOHGSDUW
WRJHWKHU 7KH VL]H RI FDSDFLWRU GULYH LV  P E\  P 7KH HDFK RI 
VXVSHQGLQJ VSULQJV ZLOO EH VKRZQ LQ )LJXUH  DQG )LJXUH  7KH ORQJHVW EDU LV






SURFHVVLQJ/,*$SURFHVVLQJ/,*$OLNLQJ SURFHVVLQJPD\ DOO EH FKRVHQ89/,*$





VHYHUDO FKHPLFDO KRRGV VHYHUDO VSLQQHUV D SODVPD DVKHU DQ 89VWDWLRQ WZR
FRQYHFWLRQ RYHQV VHYHUDO HOHFWURSODWLQJ EDWKV VHYHUDO SURILOH PHWHUV VHYHUDO
PLFURVFRSHV D 6(0 HWF 2XU ODE DOUHDG\ KDV PDQ\ \HDUV RI H[SHULHQFHV LQ /,*$
SURFHVVLQJ DQG 89/,*$ SURFHVVLQJ HVSHFLDOO\ LQ WKLFN UHVLVW OLWKRJUDSK\ DQG
HOHFWURSODWLQJ 3OXV WKH GHVLJQ DQG VWUXFWXUHV RI WKH SRZHU UHOD\ SUHVHQWHG LQ WKH
WKHVLVDOVRFDOOVIRUXVLQJ/,*$RU89/,*$WRIDEULFDWHPLFURVWUXFWXUHVLQPHWDOVRU
DOOR\V 7R UHGXFH WKH IDEULFDWLRQ FRVW DQG WRPDNH WKH ILQDO SURGXFWV FRPPHUFLDOO\
YLDEOH89/,*$ZDVDGRSWHGWRIDEULFDWHWKHPLFURSRZHUUHOD\,QWURGXFHWR/,*$DQG89/,*$
/,*$ LV WKH *HUPDQ DFURQ\P IRU ;UD\ OLWKRJUDSK\ HOHFWURGHSRVLWLRQ DQG
PROGLQJ 7KH SURFHVV LQYROYHV D WKLFN OD\HU RI ;UD\ UHVLVW DQG KLJKHQHUJ\ ;UD\





%HFDXVH RI WKH KLJK FRVW RI /,*$ WHFKQRORJ\ EDVHG RQ ;UD\ OLWKRJUDSK\
PDQ\ /,*$OLNH SURFHVVLQJ WHFKQRORJLHV KDYH EHHQ GHYHORSHG 7KH\ LQFOXGH
UHSOLFDWLRQ RIPROGV FUHDWHG E\ DOWHUQDWHPHDQV VXFK DVGHHS FU\RJHQLFGU\ HWFKLQJ
DQG QRYHO XOWUDYLROHW WKLFN SKRWRUHVLVW %RWK RI GHHS GU\ HWFKLQJ DQG WKLFN 89
VHQVLWLYH UHVLVW VXFK DV SRO\LPLGH $= DQG 68 DUH FKHDSHU DQG PRUH
DFFHVVLEOH WKDQ/,*$%RWKRI WKHVH WZR/,*$OLNHSURFHVVLQJFDQEHFRXSOHGZLWK
SODWLQJ EXW QHLWKHU FDQ DFKLHYH WKH H[WUHPH ORZ VXUIDFH URXJKQHVV DQG KLJK DVSHFW
UDWLRVDV[UD\OLWKRJUDSK\EDVHG/,*$
89/,*$ LV RQH RI /,*$OLNH SURFHVVLQJ WHFKQRORJLHV ,W LV D ORZ FRVW
DOWHUQDWLYHIRU[UD\EDVHG/,*$WHFKQRORJ\$W\SLFDO89/,*$SURFHVVLVVKRZQLQ
7DEOH  :LWK 89 OLWKRJUDSK\ RI WKLFN 89VHQVLWLYH UHVLVW DQG HOHFWURSODWLQJ
UHODWLYHO\KLJK DVSHFWUDWLRPLFURVWUXFWXUHVFDQEHIDEULFDWHGDWPXFKORZHUFRVW7KLV
SURFHVV LV VWLOO XQGHU GHYHORSPHQW EHWWHU DQG EHWWHU IDEULFDWLRQ TXDOLW\ KDV EHHQ
UHSRUWHG LQ UHFHQW \HDUV 1RUPDOO\ FROOLPDWHG 89 OLJKW VRXUFHV DUH XVHG LQ
OLWKRJUDSK\ WR JHW EHWWHU VLGHZDOOV $IWHU SUHEDNH H[SRVXUH GHYHORSPHQW RI WKLFN
89SKRWRUHVLVWHOHFWURSODWLQJPROGLQJLVREWDLQHG3ODWLQJPROGLQJVDUHKDUGEDNHG
EHIRUHSODWLQJ$IWHUHOHFWURSODWLQJSKRWRUHVLVWVWULSSHULVXVHGWRUHPRYHWKHSODWLQJ





















 3UHEDNH &RQYHFWLRQRYHQ &RQWUROWLPHDQGWHPSHUDWXUH
 ([SRVXUH 89VWDWLRQ &RQWUROH[SRVXUHGRVH
 3RVWEDNH &RQYHFWLRQRYHQ &RQWUROWLPHDQGWHPSHUDWXUH














,W LV LPSRUWDQW WRKDYHFOHDUZDIHUVXUIDFHLQWKHPLFURIDEULFDWLRQSURFHVVLQJ
&RQWDPLQDQWVLQFOXGHVROYHQWVWDLQVGXVWIURPRSHUDWRUVDQGHTXLSPHQWSDUWLFOHHWF
7KHUHDUHPDQ\GLIIHUHQWPHWKRGVIRUZDIHUFOHDQLQJVXFKDVZHWWUHDWPHQWWKH5&$






',ZDWHU 'HLRQZDWHU WR ULQVH DQGQLWURJHQJDV WRGU\ZDIHU VXUIDFH ,I WKHUHDUH
VRPHRUJDQLF VWXFNRQWR WKHZDIHU VXUIDFH IXUWKHU FOHDQLQJFDQEHGRQHE\XVLQJ
YROXPHRI1+ DTXHRXV VROXWLRQ WR SDUWV RI',ZDWHU DQG WKHQKHDWXS WRERLOLQJ DQG DGG  SDUW +2 'LS WKH ZDIHU IRU  PLQ 7KLV SURFHGXUH UHPRYHVRUJDQLFGLUWDQGOHDYHVDWKLQR[LGHOD\HURQWKHZDIHU¶VVXUIDFH

,Q RXU SURFHVVLQJ EHIRUH FRDWLQJ SKRWR UHVLVW (EHDP HYDSRUDWLQJ DQG
HOHFWURSODWLQJ SODVPD DVKZDV XVHG WR FOHDQ WKHZDIHU VXUIDFH7KH EDVLF SURFHVVHV
LQFOXGH GULS WKHZDIHU LQWRDTXDUW]KROGHU WKHQSXW WKHKROGHUZLWKZDIHUVLQWR
WKHFKDPEHUEHFDUHIXOQRWWRWRXFKWKHWHPSHUDWXUHSUREHXVHDFRQWUROSDQHO
WRYDFXXPDLUSUHVVXUHWRDSSUR[LPDWHO\ 3DVFDODQGFRPSOHWHSODVPDDVKIRU
DERXW aPLQXWHV DW aZDWW DQG  VFFP R[\JHQ WKHQ GR RWKHU SURFHVVLQJ
ZLWKLQ  PLQXWHV 3ODVPD DVK SURFHVVLQJ FDQ FOHDQ RUJDQLF FRQWDPLQDQWV RQ WKH
ZDIHU VXUIDFH LW FDQ DOVR LJQLWH WKH VXUIDFH OD\HU DWRPV WR DFWLYDWH WKHP LQ D VKRUW
WLPH 7KLV OD\HU RI DFWLYDWLRQ DWRPV FDQ HDVLO\ VWLFN YHU\ZHOOZLWK RWKHUPDWHULDOV
7KDW¶VZK\ SODVPDDVKZDVGRQHMXVWEHIRUHVSLQFRDWLQJ68(EHDPHYDSRUDWLQJ
DQGHOHFWURSODWLQJ7KHOLIHRIWKLVDFWLYDWLRQDWRPOD\HULVOHVVWKDQPLQXWHVDIWHULW
LV WDNHQ RXW IURP YDFXXP FRQGLWLRQ DQG H[SRVXUH WR RXU FODVV FOHDQURRP
FRQGLWLRQ




(OHFWURQEHDP HYDSRUDWLRQ LV DQ LPSRUWDQW PHWKRG WR GHSRVLW WKLQ ILOP ,Q
UHOD\ IDEULFDWLRQ UHSRUWHG LQ WKLV WKHVLV LWZDVXVHG WRREWDLQ WKHHOHFWURSODWLQJVHHG
OD\HU(OHFWURQEHDPHYDSRUDWLRQLVEDVHGRQERLOLQJRIDKHDWHGPDWHULDOWRUHDFKLWV
HYDSRUDWLRQSUHVVXUH LQYDFXXP(YDSRUDWLRQ LV VWHSFRYHUDJHDQGGLIILFXOW WRFRYHU
WKHVWUXFWXUHVFRPSOHWHO\VRLWKDVEHHQXVHGIRUOLIWRIISXUSRVHE\PDQ\UHVHDUFKHUV
,Q WKH HYDSRUDWRU WKHZDIHU LV ORDGHG LQWRDKLJKYDFXXPFKDPEHUZKLFK LV
QRUPDOO\SXPSHGE\DFU\RSXPSDQGDGLIIXVLRQSXPS7KHPDWHULDOWREHGHSRVLWHG
LV ORDGHG LQWR D FUXFLEOH $ KLJKLQWHQVLW\ HOHFWURQEHDP JXQ LV IRFXVHG RQ WKH
PDWHULDO WR EH GHSRVLWHG7KH HOHFWURQ EHDP LVPDJQHWLFDOO\ GLUHFWHG RQWR WKH WDUJHW
PDWHULDOZKLFKPHOWV ORFDOO\$V WKH WHPSHUDWXUHRI WKH WDUJHW LV UDLVHG WKHPDWHULDO
W\SLFDOO\JRHVWKURXJKWKHVROLGOLTXLGDQGJDVSKDVHV$WDQ\WHPSHUDWXUHWKHUHLVDQ
HTXLOLEULXPSUHVVXUHRIYDSRU:KHQWKHSUHVVXUHLVEHORZWKHHTXLOLEULXPSUHVVXUH
WKH WDUJHW LVHYDSRUDWHG7KHPHOWPHWDO IRUPV LWVRZQFUXFLEOHDQGNHHSDZD\IURP
VRXUFHFRQWDPLQDWLRQ $W WKH VDPH WLPH VRPH ;UD\ GDPDJH RU LRQ GDPDJH DUH
LQGXFHG RQ WKH VXEVWUDWH 7KH HYDSRUDWRU LQ/68&$0'FRQWDLQV IRXU FUXFLEOHV WR
DOORZWKHGHSRVLWLRQRIPXOWLSOHOD\HUVZLWKRXWEUHDNLQJYDFXXP
)RURXUSURFHVVLQJ LW LV UHTXLUHG WRGHSRVLW c&U DV DGKHVLRQ OD\HU WKHQ





68 LV D QHJDWLYH HSR[\W\SH QHDU 89 SKRWRUHVLVW EDVHG RQ (321 68
HSR[\ UHVLQ 68 KDV D ORZ RSWLFDO DEVRUSWLRQ LQ WKH 89 UDQJH DQG LV WKH PRVW
VHQVLWLYHWROLJKW ZLWKZDYHOHQJWK RIQP7KLVSKRWRUHVLVWFDQEHVSLQFRDWHGWR
WKLFNHUWKDQPPDQGDVSHFWUDWLRPRUHWKDQZLWKDVWDQGDUGFRQWDFWSULQWLQ;
UD\ OLWKRJUDSK\ SKRWR UHVLVW FDQ EH WKLFNHU WKDQ aPP DVSHFW UDWLR FDQ EHPRUH
WKDQ,WLVDYHU\VXLWDEOHSKRWRUHVLVWIRU89/,*$¶VORZFRVWDSSOLFDWLRQ
&URVVOLQNHG68KDVYHU\JRRGPHFKDQLFDOSURSHUWLHVDQGLVVXLWDEOHDVWKH
PROG PDWHULDOV IRU HOHFWURSODWLQJ $QG VRPHWLPHV SHRSOH DOVR XVH LW DV VWUXFWXUH
PDWHULDOV
7DNH0DWHULDOSURSHUWLHVRI68


































'HWDLOHG SURFHVVLQJ FRQGLWLRQV IRU 68 KDYH EHHQ SURYLGHG E\ LWV VXSSOLHU
+RZHYHU VLQFH WKH TXDOLW\ RI WKH PLFURVWUXFWXUHV PDGH ZLWK WKLV SURFHVV LV KLJKO\
GHSHQGHQWRQWKHSDUWLFXODUHTXLSPHQWXVHGUHVHDUFKJURXSVDURXQGWKHZRUOGKDYHDOO
GHYHORSHG WKHLU LQKRXVH SURFHVVLQJ SURFHGXUHV 2XU JURXS KDV EHHQ ZRUNLQJ WR
GHYHORSDXQLTXHPXOWLSOD\HU68SURFHVVLQJWHFKQRORJ\IRUVRPHWLPHDQGREWDLQHG
H[FHOOHQW UHVXOWV $V D QHJDWLYH SKRWRUHVLVW 68 QHHGV WR EH VSLQFRDWHG RQ WKH






WKLFNQHVV DV GHWHUPLQHG E\
YLVFRVLW\ DQG VSLQ VSHHG 7\SLFDO
VSLQWLPHLVaVHFRQGV
3D\DWWHQWLRQQRW WR OHWEXEEOHJHW LQWR
UHVLVW ,I WKHUHDUHVRPHEXEEOHVXVHVKDUS
QHHGOH WR EUHDN WKHP  )RU WKLFNQHVV
PRUH WKDQ PP GR QRW VSLQ -XVW SRXU LW
RQ WKH VXEVWUDWH GR IO\FXW DIWHU SUH
H[SRVXUHEDNH
3UHH[SRVXUH EDNH ,Q RUGHU WR
UHPRYH WKHVROYHQW IRUPWKHUHVLVW
SUHH[SRVXUH EDNH LV GRQH ZLWK
&7KHEDNHWLPHLVGHWHUPLQHG





RII WKH RYHQ OHW WKH VDPSOH FRRO GRZQE\
LWVHOI7KHSKRWRUHVLVWLVYHU\VHQVLWLYH
WR WKH SODQDULW\ RI WKHGHYLFHVXVHGGXULQJ
WKH EDNH 7KH SODWH RU RYHQ KDV WR EH





([SRVXUH H[SRVXUH WR 89 OLJKW WR
FURVVOLQN WKH QHJDWLYH SKRWR UHVLVW
68 7KH H[SRVXUH FDQ EH GRQH
IRUPQPaQP7KHGDWDIRU
H[SRVXUHGRVHDQGWKHWKLFNQHVVFDQ
EH JRW IURP ³68 3KRWRUHVLVW
3URFHVVLQ&$0'/68´IRUWKH89
VWDWLRQLQ&$0'
68 KDV KLJK DEVRUSWLRQ IRU WKH
ZDYHOHQJWKVKRUWHUWKDQaQP,QRUGHU
WRKDYHXQLIRUPLW\DEVRUSWLRQIURPWRSWR
ERWWRP D ILOWHU LV XVHG WR FXW GRZQ WKH
ZDYHOHQJWKEHORZQP
3RVWH[SRVXUH EDNH  3RVWEDNH LV
SHUIRUPHG DW & LQ FRQYHFWLRQ
RYHQIRUaPLQXWHV
:KHQ SRVWH[SRVXUH EDNH WKH FKHPLFDO
UHDFWLRQ KDSSHQV LQVLGH WKH SKRWR UHVLVW
WKHQFURVVOLQNLQJRFFXUV
'HYHORS XVH 68 GHYHORSHU
GHYHORS WLPH GHSHQGV RQ WKH
WKLFNQHVV RI 68 )ROORZHG E\
GHYHORSULQVHDQGEORZGU\
3XWWKHVDPSOHLQWR68GHYHORSHU7KHQ
ULQVH ZLWK LVRSURSDQRO ,3$ LI VRPH
ZKLWH VWDLQV UHPDLQ UHSODFH VDPSOH LQ
68 GHYHORSHU 5HSHDW XQWLO QR PRUH
ZKLWHVWDLQ
 (OHFWURSODWLQJ
(OHFWURSODWLQJ LVRQHRI WKHEDVLF VWHSV LQ/,*$ DQG/,*$OLNHSURFHVVHV ,Q
HOHFWURSODWLQJSURFHVVWKHPHWDOLRQVDUHUHGXFHGJURZQRQWKHVXEVWUDWHDQGILOOWKH

JDSV LQ WKH UHVLVW FRQILJXUDWLRQ WR IRUP WKH PLFURVWUXFWXUH 7KH PHWDO VDOWV DUH
GLVVROYHG LQWR WKH HOHFWURSODWLQJ VROXWLRQ WKH HOHFWURO\WH $Q H[WHUQDO HOHFWULFDO
SRWHQWLDOLVDSSOLHGWRWKHFDWKRGHDQGWKHDQRGH,QVLGHWKHHOHFWURO\WHDFXUUHQWIORZ
LV IRUPHG EHWZHHQ WKH FDWKRGH DQG WKH DQRGH 7KH DQRGH LV WKHPHWDO IRUP RI WKH





SRWHQWLDO $ FXUUHQW LV D IORZ RI SRVLWLYH FKDUJHV RSSRVLWH WR HOHFWURQ IORZ WKH
SRWHQWLDOLVWKHGLIIHUHQFHLQHOHFWURQLFHQHUJ\EHWZHHQWKHHOHFWURGHV7KHFXUUHQWFDQ
EH XVHG WRPHDVXUH WKH UHDFWLRQ UDWH WKH SRWHQWLDO VWDQGV IRU WKH GULYLQJ IRUFH 7KH
HOHFWURSODWLQJVHWXSQRUPDOO\LQFOXGHVDQDQRGHDFDWKRGHHOHFWURSODWLQJVROXWLRQDQG
FXUUHQWVXSSO\RUYROWDJHVXSSO\7KHDQRGLFSURFHVVLVR[LGDWLRQ  o QH00 Q 
DQG WKH FDWKRGLF SURFHVV LV UHGXFWLRQ UHDFWLRQ 0QH0 Q o   ,I WKH FXUUHQW
HIILFLHQFLHVDWERWKWKHDQRGHDQGFDWKRGHDUHVDPHWKHUHZRXOGEHQRFKDQJHLQPDVV
RI WKHPHWDO LRQV$ VFKHPDWLF GLDJUDP IRU WKH HOHFWURSODWLQJ SURFHVV DQG WKH EDVLF
VHWXSLVVKRZQLQ)LJXUH
%HIRUH HOHFWURSODWLQJ D VHHG OD\HU QHHGV WR EH GHSRVLWHG RQ WKH VXEVWUDWH D




7KH SRZHU VRXUFH SURYLGHV D SRWHQWLDO EHWZHHQ WKH DQRGH DQG WKH FDWKRGH 7KLV
SRWHQWLDO IRUFHV WKH DQRGH WR ORVH HOHFWURQ DQG VROYHQW LQWR WKH HOHFWURO\WH DVPHWDO
LRQVDQGIRUFHVWKHPHWDOLRQVWRREWDLQHOHFWURQVDQGGHSRVLWRQWKHVDPSOHFDWKRGH
2SWLPL]HGSODWLQJSRWHQWLDODQGDQRGHVKDSHZLOOEHFKRVHQ
:KHQ QLFNHO LV HOHFWURSODWHG WKH UHDFWLRQ RQ WKH FDWKRGH LV DV IROORZV
1LH1L o   ZKLOH WKH UHDFWLRQRQ WKHDQRGH LV  o H1L1L  $W WKH VDPH
WLPHWKHK\GURJHQHYROXWLRQUHDFWVRQWKHFDWKRGH  +H+ o  DQGWKHR[\JHQ














WHPSHUDWXUH DQG WKH SODWLQJ FXUUHQW GHQVLW\ 7KHVH WKUHH IDFWRUV FDQ FRQWURO WKH
DSSHDUDQFHRIWKHK\GURJHQEXEEOHVWRLPSURYHWKHHOHFWURSODWLQJTXDOLW\7KHUHIRUHD
PHPEUDQH ILOWHU LVXVHG WR FOHDQ WKH SODWLQJEDWK WR UHPRYH LPSXULW\ GXVW DQG RWKHU
GLVVROYHGSDUWLFOHV,QRUGHUWRLPSURYHWKHXQLIRUPLW\RIWKHGHSRVLWLRQILOPDPL[HU
LVXVHGWRIRUFHWKHVROYHQWWRUHGXFHWKHFRQFHQWUDWLRQJUDGLHQWDWWKHSODWLQJVXUIDFH
:LWK FRPSXWHU FRQWUROOHG HOHFWURSODWLQJ V\VWHP SXOVHHOHFWURSODWLQJ WHFKQLTXH FDQ
DOVREHDGRSWHGWRLPSURYHWKHILOPTXDOLW\7KHVKDSHRIWKHDQRGHPD\DOVRDIIHFWWKH
SODWLQJXQLIRUPLW\E\LQIOXHQFLQJWKHXQLIRUPLW\RIWKHFXUUHQWEHFDXVHNLQHWLFVLVIDVW


















7KH FKHPLFDO FRPSRVLWLRQ IRU QLFNHO VXOIDPDWH EDWK LV OLVWHG LQ 7DEOH 
1LFNHO VXOIDPDWHZRUNVDV WKHPDMRUFDUULHURIQLFNHOGXULQJSODWLQJQLFNHOEURPLGH
KHOSV WRGLVVROYH WKHQLFNHOSHOOHWVERULFDFLGPDLQWDLQVDSURSHUS+YDOXH$VPDOO
TXDOLW\ RIZHW DJHQW LV DGGHG LQWR QLFNHO VXOIDWH DQG ERULF DFLG DV D EXIIHU 6XOIXU
GHSRODUL]HGQLFNHOSHOOHWVDUHKHOG LQD WLWDQLXPEDVNHWDQGXVHGDVDQRGHPDWHULDOV



























H[SRVXUH IRU WKHSKRWRPDVNVZDVGRQHE\ SDWWHUQJHQHUDWRU 7KHPDVNVZHUH WKHQ
GHYHORSHG XVLQJ  RU  GHYHORSHU $IWHU XVLQJ ', GHLRQ ZDWHU WR ULQVH WKH
PDVN&UHWFKLQJSURFHVVZDVFRQGXFWHGWKHQULQVHGXVLQJ',ZDWHUDQGILQDOO\EORZ
GULHGE\QLWURJHQJDV
7KH EDVLF VWHSV VKRZQ LQ7DEOH ZHUH XVHG WR IDEULFDWH WKHPLFUR SRZHU
UHOD\XVLQJ WKHVL[SKRWRPDVNV0DVNDQGZHUHXVHG WRIDEULFDWH WKH





0DVN/D\HU ,PDVN7RSYLHZUHGDUHD LV&U IRU
FRQWDFW SDG PHWDO HOHFWURGH VXSSRUW DQG FRQGXFW IRU
WKHWRSSDUWRIWKHDFWXDWRU
0DVN/D\HU,,PDVN 7RSYLHZEOXHDUHDLV&UIRU














































































































































































WKH UHOD\  ,Q WKLV SLFWXUH WKH SRO\PHU FRQQHFWRUV KDYH EHHQ PDGH OLJKW FRORUHG
WUDQVSDUHQW VHFWLRQ LQ WKH SLFWXUH  ,Q WKLV VWDJH WKH WRS SDUW RI WKH UHOD\ KDV EHHQ
FRPSOHWHGEXWQRWUHOHDVHGIURPWKHVXEVWUDWH\HW
)LJXUH /D\HU9,68 LQVXODWRUFRQQHFWRU WUDQVSDUHQWEHIRUH UHOHDVHG IURP
WKHVXEVWUDWH7KHWKLFNQHVVRIWKHSRO\PHUFRQQHFWRULVPLFURQ
)LQDOO\ 7RS SDUW RI WKH UHOD\ VXVSHQVLRQ VSULQJV WKH WRS HOHFWURGH RI WKH
FDSDFLWRU WKH SRO\PHU FRQQHFWRUV ZDV UHOHDVHG E\ SXWWLQJ WKH VDPSOHV LQWR 
+12 DERXW  KRXUV ,W LV IRXQG WKDW WKH SRO\PHU FRQQHFWRU KDV HQRXJK SK\VLFDO
VWUHQJWK)LJXUHVKRZVDSKRWRJUDSKRIWKHSRO\PHUFRQQHFWRULQWKHWRSSDUWRI













EH DGGUHVVHG FDUHIXOO\ ,I DWWHQWLRQV DUH SDLG WR WKHVH LVVXHV DQG WKH\ DUH KDQGOHG
SURSHUO\ WKH IDEULFDWLRQ SURFHVV ZLOO EH HDVLHU DQG EHWWHU TXDOLW\ RI WKH
PLFURVVWUXFWXUHV PD\ EH DFKLHYHG 7KH SUREOHPV VXFK DV VWULSSLQJ 68 HWFKLQJ
VDFULILFH OD\HU ULQVLQJ DQG UHPRYLQJ WRS SDUW RI WKH UHOD\ 68 LQIODWLRQ LQ
OLWKRJUDSK\HWFZLOOEHGLVFXVVHGKHUH 6WULSSLQJ68DIWHU(OHFWURSODWLQJ1LFNHO
$IWHU HOHFWURSODWLQJ PHWDO VWUXFWXUHV LQWR WKH SODWLQJ PRGHOV WKH SODWLQJ
SDWWHUQVQHHGWREHUHPRYHGLQPDQ\FDVHV,QRXUFDVHQLFNHOLVSODWHGDQGH[SRVHG
68LVXVHGDVWKHSODWLQJSDWWHUQ)RUWKHERWWRPOD\HUDIWHUJHWWLQJWKHWKUHHSODWHG
OD\HUV WKH68SODWLQJSDWWHUQVQHHG WREH UHPRYHG)RU WKH WRS OD\HU DIWHU VSULQJ
DQGPHWDOFRQQHFWRUVWKH68SODWLQJSDWWHUQVDOVRQHHGWREHUHPRYHG

68 LV ZHOO NQRZQ IRU LWV GLIILFXOW\ WR EH UHPRYHG  $IWHU WHVWLQJ VHYHUDO
VWULSSLQJ VROXWLRQ ZH XVHG D NLQG RI 68 VWULSSHU QDPHG '\QDVROYH ,W KDV KLJK
R[LGL]HDELOLW\,WFDQHDVLO\R[LGL]HFRSSHUVWUXFWXUH,WR[LGL]HVQLFNHOVWUXFWXUHDOVR
%XW WKHR[LGL]H UDWLR IRUQLFNHO LVYHU\VPDOO6R LW LV WKRXJKWQRW WRR[LGL]HQLFNHO
WKRXJKW LWPD\SURGXFH VRPHPLFURVL]HGKROHVRQ WKH VXUIDFHRI DQLFNHO VWUXFWXUH





DFHWRQH DQG ,3$ PL[HU WR FOHDQ 7KHQ UHSHDW WKH SURFHVVLQJ XQWLO DOO RI 68 LV
VWULSSHG
(YHQZLWKWKLVKLJKR[LGL]HVWULSSHULWLVVWLOOQRWVRHDV\WRVWULS68FOHDUO\
,Q ILJXUH LW FDQEH VHHQ WKDW WKHUH VWLOO LV VRPH UHVLGXDO68 OHIW LQ WKHPLFUR
KROHVRQWKHWRSSODWHRIWKHUHOD\7KHVH68EDUVZLOODIIHFWWKHHWFKLQJRIVDFULILFH
OD\HU6RPHWLPHVWKHUHDUHVRPHUHVLGXDO68FKXQNVVWXFNEHWZHHQWKHJDSVRIWKH
VXVSHQVLRQ VSULQJ 7KLV ZLOO DIIHFW WKH VWDWLF DQG G\QDPLFV FRQGLWLRQV IRU WKH
HOHFWURVWDWLF GULYH 6R D JRRG VWULSSLQJ PHWKRG QHHGV WR EH GHYHORSHG IRU 68
HVSHFLDOO\ZKHQ68LVXVHGDVKLJKDVSHFWUDWLRSODWLQJPRGHO
6RPH RWKHU JURXSV XVH '5,( WR VHOHFWLYHO\ HWFK 68 ,W ZRUNV EXW WKH
SURFHVV LV WRRVORZDQGWRRH[SHQVLYH7KHUHDUHDOVRUHSRUWHGHIIRUWVE\VRPHRWKHU
JURXSV SODFLQJ WKH VDPSOHV LQWR KLJK WHPSHUDWXUH QLWURJHQ DQG GLUHFWO\GHWHULRUDWLQJ







DQG WR JHW EHWWHU PLFURVWUXFWXUH 7KLV LV RQH RI WKH UHDVRQV IRU GHVLJQLQJ WKH
PLFURKROHVRQWKHWRSSODWHRIWKHUHOD\
7KH WRS QLFNHO VWUXFWXUHVZHUH SODFHG LQWR  a +12 WR HWFK FRSSHUVDFULILFH OD\HU DQG UHOHDVH WKHP ,I DOO RI WKH KROHV DUH FOHDU WKH VWUXFWXUHV QHHG 
PLQXWHV WR EH UHOHDVHG LQ  +12 ,Q )LJXUH  WKHVH SLFWXUHV DUH IRU WKHUHOHDVHGVWUXFWXUHV7KHVSULQJLVVWURQJHQRXJKDQGIOH[LEOH7KHSRO\PHUFRQQHFWRU
ZDV GHVWUR\HG 7KHUH DUH WZRPDMRU UHDVRQV IRU WKLV EDG UHVXOW 2QH UHDVRQ LV WKDW
ZKHQ68ZDV FRDWHG WRPDNH WKHFRQQHFWRU LWGLGQRWHQWHUDOORI WKHDUHDRI WKH
FRQQHFWRU6RDIWHULWZDVUHOHDVHGWKHVWUXFWXUHLVQRWVWURQJHQRXJKDQGFDQQRWKROG

WKHPHWDO SDUWV WRJHWKHU 7KHUHIRUH ZKHQ WKH SRO\PHU VWUXFWXUHVZHUHPDGH HIIRUWV
ZHUHPDGH WR WR UHPRYH WKHEXEEOH)LJXUH LQ WKHJDSRI WKHFRQQHFWRUDQG WR
PDNH 68 FRQQHFWZLWK WKHPHWDO YHU\ ZHOO $QRWKHU UHDVRQ LV WKDW IRU WKH 68
SRO\PHU FRQQHFWRUPRUH WKDQQRUPDOH[SRVXUHGRVH LVQHHGHG WRPDNH WKHSRO\PHU





 5LQVLQJ DQG 5HOHDVLQJ WKH 7RS 3DUW RI WKH 5HOD\ IURP
6XEVWUDWH




$IWHU WKH PLFURVWUXFWXUH LV WDNHQ RXW RI ZDWHU LW QRUPDOO\ VWLFNV RQ WKH VXUIDFH RI
QLSSHU,WQHHGVWREHGULHGILUVWEHIRUHWDNHQRIIFDUHIXOO\
)LJXUH 'HVWUR\HGWRSSDUWVE\VXUIDFHWHQVLRQ 8VLQJ&RSSHUWR%XLOGWKH3RZHU5HOD\6WUXFWXUHV
&RSSHU LV JRRG PDWHULDO IRU SRZHU UHOD\ EHFDXVH RI LWV H[FHOOHQW HOHFWULFDO
FRQGXFWLYLW\ DQG WKHUHIRUHZDV DOVR WULHG DV WKHPDWHULDO IRU WKHPLFURVWUXFWXUHV ,Q
RXU HIIRUW WR XVH FRSSHU WRPLFURIDEULFDWH WKHPLFURUHOD\ $=ZDV XVHG DV WKH
SKRWRUHVLVWWRPDNHWKHSODWLQJSDWWHUQDQGQLFNHORUWLWDQLXPLVXVHGDVWKHVDFULILFH
OD\HU IRU WKH WRS SDUWV 6RPH SUHOLPLQDU\ UHVXOWV KDYH EHHQ REWDLQHG VR IDU ,Q WKLV





,Q WKH SLFWXUHV WKH WZR ZKLWH UHFWDQJOHV WKH ZKLWH SDUW LV QLFNHO DUH LQVXODWRU







$IWHU ERWK WKH WRS SDUW DQG ERWWRP SDUW RI WKH UHOD\ DUH IDEULFDWHG WKH\ DUH
DVVHPEOHGPDQXDOO\7KHQWHVWVZHUHUXQIRU WKHPHFKDQLFDODQGHOHFWULFDOSURSHUWLHV
RIWKHPLFURUHOD\0HFKDQLFDO3URSHUWLHVRIWKH7RS3DUWRIWKH0LFURUHOD\














RI WKH$O ILOPFDXVHVDGHIOHFWLRQRI WKH WRSSDUWRI  WKHDFWXDWRUDQGSXOOV LWGRZQ
7KH ZHLJKW RI WKH $O ILOP DQG WKH SXOOGRZQ GLVWDQFH ZHUH PHDVXUHG WKH VSULQJ
FRQVWDQW ZDV FDOFXODWHG DV WKH UDWLR RI WKH JUDYLW\ DQG WKH GLVSODFHPHQW 7KH
GHIOHFWLRQV DUH PHDVXUHG XVLQJ D SRLQW DUUD\ PHDVXUHPHQW LQVWUXPHQW PDUNHWHG E\
.(<(1&( &RUS 7KH ZRUN SULQFLSOH RI WKH LQVWUXPHQW LV EDVHG RQ ODVHU
WULJRQRPHWULFPHWKRGZLWKDSUHFLVLRQEHWWHUWKDQPLFURQ7KHYROXPHDQGWKHPDVV
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PXOWLPHWHU WR GHWHUPLQH WKH HOHFWULFDO UHVLVWDQFHV EHWZHHQ GLIIHUHQW SDUWV 7KH
PHDVXUHPHQWUHVXOWVIRUWRSSDUWDUHVKRZQLQ)LJXUH,WFDQEHVHHQWKDWWKH68
SRO\PHU FRQQHFWRUV SK\VLFDOO\ OLQN WKH PHWDO FRQQHFWRUV DQG WKH WRSSODWH RI WKH
HOHFWURVWDWLF FDSDFLWRU DFWXDWRU 7KHVH SRO\PHU FRQQHFWRUV KHOS WR LVRODWH WKH GULYH





$JROGHWFKVROXWLRQ .,(WKDQRO ',ZDWHU ZDVXVHG WRHWFK WKHJROGOD\HU WKDWVHUYHGDVWKHSODWLQJVHHGOD\HURIERWWRPSDUW&KURPHHWFKVROXWLRQ
$PPRQLXP &HULXP1LWUDWH +&O2 ',ZDWHU J PO POZDVXVHG WRHWFKWKHFKURPHOD\HUIRUWKHSODWLQJVHHGOD\HU)LQDOO\WKHVDPSOHFRPSRQHQWVZHUH
ULQVHGZLWK',ZDWHUDQGEORZQGU\ZLWKQLWURJHQJDV






$IWHU WKH SODWLQJ VHHG OD\HU ZDV HWFKHG WKH HOHFWULFDO UHVLVWDQFHV EHWZHHQ
GLIIHUHQW SDGV RQ WKH ERWWRP SDUW RI WKH SURWRW\SH UHOD\ ZHUH DOVR PHDVXUHG 7KH
PHDVXUHPHQWUHVXOWVZHUHVKRZQLQ)LJXUH7KHVHPHDVXUHPHQWUHVXOWVVKRZWKDW
WKH HOHFWULFDO UHVLVWDQFHV EHWZHHQ GLIIHUHQW LVRODWHG PHWDO SDGV DUH ORZ DQG WKH
LQVXODWLRQVEHWZHHQGLIIHUHQWSDGVDUHTXLWHSRRU7KHUHDVRQIRUWKLVORZLQVXODWLRQLV
WKDWDUHJXODUVLOLFRQVXEVWUDWHQRWR[LGL]HGZDVXVHGLQWKHIDEULFDWLRQ7KHVLOLFRQ




VLOYHU SDVWH ZDV XVHG WR ERQG WKH WRS SDUW WKH IUDPH VXVSHQGLQJ VSULQJV PHWDO
FRQWDFWRUV68FRQQHFWRUDQGRQHVLGHRIWKHFDSDFLWRUGULYHRIWKHUHOD\RQWRWKH
ERWWRPSDUWHOHFWULFDOFRQWDFWSDGVIL[HGSDUWVHOHFWURGHVDQRWKHUVLGHRIWKHERWWRP
SDUW$VPDOOQLSSHUZDVXVHG WR WDNH WKH WRSSDUWRI WKHUHOD\DQGSODFHGRQWRWKH













$ SRZHU VXSSO\ ZDV FRQQHFWHG WR WKH UHOD\ WR SURYLGH D YROWDJH VRXUFH
EHWZHHQ WKH WRS SDUW DQG WKH ERWWRP RI WKH HOHFWURVWDWLF GULYH :KHQ WKH YROWDJH
VRXUFHLVWXUQHGRQWKHHOHFWURVWDWLFIRUFHSXOOVGRZQWKHWRSSDUWRIWKHDFWXDWRUWKDW
FDUULHV WKH WZR HOHFWURGHV WR FRQQHFW WKH FLUFXLWV $IWHU WKH WZR HOHFWURGHV JHW






$PXOWLPHWHUZDV XVHG WRPHDVXUH WKH RIIUHVLVWDQFH DQG RIIFDSDFLWRU )RU
WKHSURWRW\SHUHOD\ WHVWHG WKHRIIUHVLVWDQFHZDVIRXQG WREHDURXQG:DQGWKH
RIIFDSDFLWRU ZDV IRXQG WR EH DURXQG  P) 7KH VPDOOHU WKDQ H[SHFWHG RII
UHVLVWDQFHVHHPVWRUHVXOWIURPWKHVLOLFRQVXEVWUDWHXVHGLQWKHPLFURIDEULFDWLRQRIWKH






SDUW DQG ERWWRP SDUW 7KHUHIRUH ZKHQ WKH UHOD\ ZDV WXUQHG RQ WKH WRS SDUW WKH
HOHFWURVWDWLFDFWXDWRUZDVSXOOHGGRZQDQGWHQGVWRRYHUVKRRWHYHQWXDOO\UHVXOWHGLQD
VKRUWFLUFXLWRI WKHWZRSODWHV:KHQWKLVKDSSHQV WKHFRQWUROYROWDJHVXSSOLHU WXUQV





WR LVRODWH WKH WRS SODWH DQG ERWWRP SODWH RI WKH HOHFWURVWDWLF GULYH WR SUHYHQW VKRUW
FLUFXLW WR KDSSHQ  7KH SURWRW\SH UHOD\ SUHVHQWHG LQ WKLV WKHVLV GRHV QRW KDYH WKLV






7KH UHVHDUFK ZRUN UHSRUWHG LQ WKLV WKHVLV WDUJHWV WR GHVLJQ VLPXODWH DQG
IDEULFDWHD0(06SRZHUUHOD\GULYHQE\HOHFWURVWDWLFIRUFH7KLVPLFURSRZHUUHOD\
VKRXOG KDYH ORZ RQUHVLVWDQFH KLJK RIIUHVLVWDQFH KLJK HOHFWULFDO LVRODWLRQ KLJK
UHOLDELOLW\ODUJHSRZHUFDSDFLW\IDVWUHVSRQVHPLFURVL]HDQGFDQEHEDWKSURGXFHG
$V RQH RI0(06 IDEULFDWLRQ WHFKQRORJLHV89/,*$SURFHVVKDV IOH[LELOLW\
LQPDWHULDO VHOHFWLRQ DQG WKH FDSDELOLW\ RIPDNLQJ KLJKDVSHFW UDWLRPLFURVWUXFWXUHV
7KHVH DGYDQWDJHV PDNH LW YHU\ VXLWDEOH IRU IDEULFDWLRQ RI WKH HOHFWURVWDWLF PLFUR
SRZHUUHOD\WDUJHWHGLQWKLV WKHVLV7KLFNQHJDWLYHUHVLVW68DQGXOWUDYLROHWRSWLFDO
OLWKRJUDSK\ DUH XVHG LQ 89/,*$ (IIRUWV KDYH EHHQ PDGH WR RSWLPL]H 89/,*$
ZLWK68SODWLQJPRGXOHLQRXUODE*RRGKLJK DVSHFW UDWLRPLFURVWUXFWXUHVE\89
/,*$ FDQ EH PDGH DQG WKH SXUSRVHG PLFUR SRZHU UHOD\V DOVR XVH 89/,*$
SURFHVVLQJ
2WKHU LPSRUWDQW LVVXHVWREHFRQVLGHUHGLQGHYHORSLQJDSRZHUUHOD\LQFOXGH
WKH DFWXDWLRQ IRUFH WKH PHFKDQLFDO VWUXFWXUHV WKH FKRLFH RI PDWHULDOV WKH
VWDWLFG\QDPLFSURSHUWLHVDQGWKHWKHUPDOEHKDYLRU
6HYHUDORIWKHPDMRUDFWXDWLRQSULQFLSOHVXVHGLQ0(06VXFKDVHOHFWURVWDWLF
HOHFWURPDJQHWLF WKHUPDO DQG SLH]RHOHFWULFDO IRUFHV DUH GLVFXVVHG DQG FRPSDUHG
(OHFWURVWDWLF IRUFH LV FKRVHQ DV WKH DFWXDWLRQ IRUFH IRU WKHPLFUR UHOD\(OHFWURVWDWLF
DFWXDWLRQLVWKHPRVWZLGHO\XVHGDQGZDVDOVRWKHILUVWDGRSWHGLQWKH0(06GHYLFHV

)RU WKH PLFUR SRZHU UHOD\ SUHVHQWHG LQ WKHVLV DQ HOHFWURVWDWLF DFWXDWRU EDVHG RQ




WKH SRZHU FLUFXLWV 7KH VWDWLF DQG G\QDPLF DQDO\VHV ZHUH GRQH WR FRQILUP WKH
VWUXFWXUDO GHVLJQ $ PDWKHPDWLFDO PRGHO KDV EHHQ GHYHORSHG WR DQDO\]H WKH
VXVSHQVLRQVSULQJV$ILQLWHHOHPHQWDQDO\VLVZDVFRQGXFWHGDQGWKHUHVXOWVKDYHEHHQ
SUHVHQWHG %DVHG RQ WKH ILQLWH HOHPHQW DQDO\VLV DQG WKH PDWKHPDWLFDO PRGHO WKH
GHWDLOHG GHVLJQ IRU WKH VWUXFWXUH WKH GLPHQVLRQV DQG WKH GULYLQJ YROWDJH RI WKH
HOHFWURVWDWLF DFWXDWRU ZHUH REWDLQHG 6LPSOH DQDO\VLV DERXW WKH RQUHVLVWDQFH WKH
WKHUPDOFRQGLWLRQWKHPDWHULDOFKRLFHDQGWKHIDEULFDWLRQVWHSVZHUHDOVRSUHVHQWHG
'HWDLOHG SURFHVVLQJ SURFHGXUHV IDEULFDWLRQ UHVXOWV DQG GLVFXVVLRQ KDYH EHHQ
SUHVHQWHG6RPHJHQHUDO DQDO\VLVRQ WKH89/,*$SURFHVVZDIHUFOHDQLQJ(EHDP
HYDSRUDWLRQ 68 SKRWRUHVLVW DQG HOHFWURSODWLQJ KDYH EHHQ SURYLGHG 'HWDLO
IDEULFDWLRQ SURFHGXUHV DQG SURFHVVLQJ FRQGLWLRQV IRU WKHPLFUR SRZHU UHOD\ FDQ EH
IRXQG LQ FKDSWHU6RPHSURFHVVLQJ LVVXHVZHUHGLVFXVVHG VXFKDV VWULSSLQJ68
HWFKLQJ VDFULILFH OD\HU ULQVLQJDQG UHPRYLQJ WRSSDUW RI WKH UHOD\68 LQIODWLRQ LQ
OLWKRJUDSK\HWF(IIRUWRIIDEULFDWLQJWKHSRZHUUHOD\XVLQJFRSSHUZDVDOVRPDGH
%RWK WKH WRSDQG WKHERWWRPSDUWVRI WKHSRZHU UHOD\KDYHEHHQVXFFHVVIXOO\
IDEULFDWHG $IWHU WKH VDFULILFH OD\HU ZDV HWFKHG WKH WRS SDUW ZDV UHOHDVHG IURP WKH





7KH WHVW UHVXOWV REWDLQHGZHUH YHU\ FORVH WRZKDW KDYH EHHQ H[SHFWHG EDVHG RQ WKH
GHVLJQ DQDO\VLV 7KH GULYLQJ YROWDJH RQUHVLVWDQFH RIIUHVLVWDQFH DQG RII FDSDFLWRU
KDYHEHHQPHDVXUHG7KHRIIUHVLVWDQFHZDVIRXQGWREHWRRORZEHFDXVHWKHERWWRP
SDUWV DUH EXLOW RQ QRQR[LGL]HG VLOLFRQ ZDIHU ,Q WKH QH[W SURWRW\SH UHOD\ D JODVV
R[LGL]HGVLOLFRQRUFHUDPLFVXEVWUDWHQHHGVWREHXVHG)XWXUH:RUN
7KH IXWXUH HIIRUWV LQ GHYHORSLQJ WKLV SRZHU UHOD\ QHHG WR EH PDGH LQ WKUHH
PDMRUDVSHFWV)LUVWHIIRUWQHHGVWREHPDGHWRIDEULFDWHWKHSRZHUUHOD\XVLQJFRSSHU
DOOR\ LQVWHDG RI QLFNHO DV WKH EDVLFPDWHULDO&RSSHU DOOR\ KDV YHU\ JRRG HOHFWULFDO
SURSHUWLHVVXFKDVJRRGFRQGXFWLYLW\DQGJRRGHODVWLFLW\DQGVKRXOGEHWKHEHVWFKRLFH
RI WKH PDWHULDO IRU SRZHU UHOD\V ,W PD\ DOVR KHOS WR PHHW WKH SRZHU UHOD\V¶







&RSSHU KDV YHU\ JRRG HOHFWULFDO FRQGXFWLYLW\ ,W RIWHQ LV XVHG LQ HOHFWULFDO
SRZHU VXSSO\ZLUHV&RSSHU KDV DPDVV GHQVLW\ LV NJP VOLJKWO\ KHDYLHU WKDQ
QLFNHO¶VNJP3XUHFRSSHULVQRWVRVWURQJDVQLFNHO7RFRPSDUHWKH<RXQJ¶V
PRGXOXV DQG \LHOG VWUHQJWK +RZHYHU FRSSHU DOOR\ LV ZLGHO\ XVHG VSULQJPDWHULDO
&RSSHU¶VHOHFWULFDOFRQGXFWLYLW\LVîÂPLVPXFKEHWWHUWKDQQLFNHO¶VHOHFWULFDO
FRQGXFWLYLW\ îÂP  &RSSHU¶V VRIWHU PHFKDQLFDO SURSHUWLHV WKLV PHDQV
VPDOOHUGULYHIRUFHDQGEHWWHUHOHFWULFFRQGXFWLYLW\WKLVPHDQVSURGXFHVOHVVKHDW




68FRPSOHWHO\ DQG LW DOVR DWWDFNVQLFNHO VOLJKWO\7KLV68 VWULSSHUZLOOR[LGL]H
DQGGLVVROYHFRSSHUHDVLO\627(&PLFURV\VWHPKDVLQWURGXFHGDQHZVHULDORIOLTXLG
UHPRYHU 606760+ WKDW HIIHFWLYHO\ UHPRYHV FURVVOLNHG 68 ZLWKRXW DIIHFWLQJ
PHWDO VWUXFWXUHV 7KH GLIIHUHQW YHUVLRQ 60 RU+ RI WKH 6067 UHPRYHU LV IRU WKH
GLIIHUHQWPHWDOV9HUVLRQ6LVIRUFRSSHUVWUXFWXUHDQGWKHVWULSVSHHGLVORZ$QRWKHU
PHWKRG LV GHHS 5,( 8QGHU 5,( FRQGLWLRQ  2 DQG  &) 68 FDQ EH
HWFKHG DW D UDWH RI DERXW PPPLQ PHDVXUHG RQ SXUH UHVLQ )RU HWFKLQJ 68 D




XVHG IRU VWULS 68 ZLWK &X VWUXFWXUHV EHFDXVH WKH EDWK PD\ GDPDJH WKH &X
VWUXFWXUHVFRQVLGHUDEO\
7KLFN SRVLWLYH SKRWRUHVLVW $= FDQ EH FRQVLGHUHG IRU XVH DV WKH
HOHFWURSODWLQJPROG DOVR 3RVLWLYH SKRWRUHVLVW GRHVQ¶W KDYH VWULS SUREOHPV DV68
WKH\ DUH HDV\ WR VWULS E\ DFHWRQH %XW IRU WKHVH WKLFN SRVLWLYH SKRWRUHVLVW WKHUH DUH
GLIILFXOWLHVWRPDNHWKHVLGHZDOORIHOHFWURSODWLQJPRGXOHYHU\VWUDLJKW 2IIUHVLVWDQFHDQG2QUHVLVWDQFH
1RZ WKH RIIUHVLVWDQFH RQO\ LV DERXW  N DQG RQUHVLVWDQFH LV  7KH
PDMRUUHDVRQIRUWKLVORZRIIUHVLVWDQFHLVWKHVLOLFRQVXEVWUDWHXVHGLQIDEULFDWLRQ7KH
VLOLFRQVXEVWUDWHKDVSRRULVRODWLRQ*ODVV6L2RUFHUDPLFZLOOEHFRQVLGHUHGDVWKHDOWHUQDWLYH PDWHULDO IRU VXEVWUDWH 7KH JODVV RU FHUDPLF VXEVWUDWH ZLOO KDYH KLJK
LQVXODWLQJ DELOLW\ 7R DFKLHYH ORZHU RQUHVLVWDQFH DQG UHGXFH WKH HIIHFWV RI VSDUN
FRUURVLRQ JROG ILOPPD\ EH SODWHG RQ WKH PHWDO FRQQHFWRUV %HFDXVH WKH JROG FDQ
VXVSHQG OLQJWLPH DUF DQG KHDW WKH OLIHWLPH RI WKH UHOD\ PD\ EH GUDPDWLFDOO\
LPSURYHG 8QDVVHPEO\0LFUR3RZHU5HOD\V
7KHIDEULFDWLRQSURFHVVSUHVHQWHGLQWKLVWKHVLVKDGWKHERWWRPSDUWDQGWKHWRS





 6WULS DOO RI WKH SKRWRUHVLVW HOHFWURSODWLQJ VDFULILFH PHWDO VXFK DV 1LFNHO RU
GHSRVLWSRO\LPLGHWRIXOO\ILOOWKHVSDFHFXWDQGSROLVKPHWDOXQWLOUHDFKWKHWRSRIWKH
HOHFWURVWDWLFGULYH¶VERWWRPSODWH &RDW OLWKRJUDSK\ LQVXODWRU OD\HURQ WKH WRSRI
WKHHOHFWURVWDWLFGULYH¶VERWWRPSODWH(YDSRUDWHDSODWLQJVHHGOD\HUFRDWSDWWHUQ
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3
 0 $ *UHWLOODW ) *UHWLOODW DQG 1 ) GH 5RRLM ³0LFURPHFKDQLFDO UHOD\ ZLWKHOHFWURVWDWLFDFWXDWLRQDQGPHWDOOLFFRQWDFWV´-0LFURPHFK0LFURHQJ6HSWHPEHU3
 -RQDWKDQ6LPRQ6FRWW6DIIHUDQG&KDQJ-L.LP³$OLTXLGILOOHGPLFURUHOD\ZLWKDPRYLQJPHUFXU\PLFURGURS´-RXUQDORI0LFURHOHFWURPHFKDQLFDO6\VWHPV9RO1R6HSWHPEHU3
 6KXYR 5R\ DQG 0HKUDQ 0HKUHJDQ\ ³)DEULFDWLRQ RI HOHFWURVWDWLF QLFNHOPLFURUHOD\VE\QLFNHOVXUIDFHPLFURPDFKLQJ´63,(FRQIHUHQFH
 ,JQD] 6FKLHOH -RUJ +XEHU %HUQG +LOOHULFK )UDQN .R]ORZVNL³6XUIDFHPLFURPDFKLQHG HOHFWURVWDWLF PLFURUHOD\´ 6HQVRUV DQG $FWXDWRUV $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ANSYS code for the static analyst of the spring
/com,==================================================
/com,              Spring Structure and Modal Analysis
/com,              for power relay of my master thesis in MEMS area
/com,              Use meter/kilogram/second units
/com,              Model of spring:
/com,              length 2000um/165um, width 40um, thickness 50um,
/com,              fabricated by nickel
/com,              By Ren Yang / Louisiana State University
/com,===================================================
/prep 7
/title, Structure and Natural Frequency of a micro power relay, Ren Yang
/com,
/com,================= Variable definition ====================
/com,
l1=2000e-9     ! Length of the longer edge is 2000 micron
l2=165e-9       ! Length of the shorter edge is 165 micron
w=40e-9         ! Wide of the spring is 40 micron
t=50e-9           ! Thickness of the spring is 50 micron
/com,
/com, =================== Element Type =====================
/com,
et,1,45    ! Solid structure solid 45 for material 1 (Nickel structure)
et,2,45    ! Solid strucutre solid 45 for material 2 (SU 8 polymer connector)
/com,
/com, ============= Material Properties & Real Constant ===========
/com,
mp,ex,1, 200e9           ! Young's modulus of nickel is 200 GPa
mp,nuxy,1,0.31           ! Possion ration of nickel is 0.31
mp,dens,1,8910           ! Density of nickel is 8910kg/m^3
/com,






































/com, ================= Boudary Condition ====================
/com, ===================================================
asel,s,,,1
da,all,all               ! One of the ends is fixed
asel,s,,,64
da,all,ux               ! Another end can only move in Z direction
da,all,uy
nsel,s,,,1773        !Select node 1773, which is on the surface 64
f,all,fz,1e-6         ! Give a concentrate force 10-6N on node 1773
/com, ================================================
/com, ================= Solve the problem =================
/com,================================================
/solu





/com, ================= Display the result =================
/com,================================================
/post1
plnsol,usum               ! Plot nodal solution for U sum
plnsol,ux                    ! Plot nodal solution for displacement in X direction
plnsol,uy                    ! Plot nodal solution for displacement in Y direction



















7KH DXWKRU 5HQ <DQJ ZDV ERUQ LQ -DQXDU\  LQ 6LFKXDQ 3HRSOH¶V
5HSXEOLFRI&KLQD+HJUDGXDWHGIURPKLJKVFKRRORI0HLVDQLQ-XO\
,Q6HSWHPEHU WKH DXWKRU DWWHQGHG7VLQJKXD8QLYHUVLW\ZLWKDPDMRU LQ
RSWLFDOSUHFLVLRQLQVWUXPHQWV+HREWDLQHGDEDFKHORURIHQJLQHHULQJGHJUHHLQRSWLFDO
SUHFLVLRQ LQVWUXPHQWV LQ 0D\  +H FRQWLQXHG KLV JUDGXDWH VWXG\ LQ 7VLQJKXD
8QLYHUVLW\DQGREWDLQHGKLVPDVWHURIVFLHQFHGHJUHHLQRSWLFDOHQJLQHHULQJLQ0DUFK

7KH DXWKRU FRQWLQXHG KLV IXUWKHU JUDGXDWH VWXG\ LQ WKH LQWHUGHSDUWPHQWDO
SURJUDP (QJLQHHULQJ 6FLHQFH /RXLVLDQD 6WDWH 8QLYHUVLW\ EHJLQQLQJ LQ -XQH 
7KHGHJUHHRI0DVWHURI6FLHQFHLQ(QJLQHHULQJ6FLHQFHZLOOEHFRQIHUUHGLQ0D\RI

